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Abscisic acid is an important plant hormone in the responses to biotic and abiotic
stresses, which also regulates various growth and developmental processes in plants.
Three major components-receptors (PYRs), the PP2C type phosphatases and the SnRK2
subtype kinases form a double negative regulatory system: PYR/PYL/RCARs inhibit the
activity of PP2Cs while PP2Cs inhibit that of SnRK2s in ABA signaling pathway. The
results of my studies showed that ABA would directly affect the interaction between
SnRK2.2 and ABI1 in absence of PYRs. Furthermore, ABA can inhibit the catalytic
activity of the SnRK2.2 kinase. These findings indicated that ABA may directly interact
with SnRK2.2.
Posttranslational modifications play a key role in signal transduction.
Phosphorylation is the most important posttranscriptional modification in ABA signal
transduction. To dissect new components in ABA signaling network in plants, proteomics
studies were carried out in Arabidopsis for identifying ABA- responsive
phosphoproteins. Ten phosphoproteins, ATPB, ATPC1, FBA1, CTIMC, GGAT1,
GAPC1, GAPC2, GAPA1 and ALDH11A3, were identified by 2-DE proteomic approach

and LC-MS/MS analysis. These proteins are likely to be the potential phosphorylated
targets of SnRK2s in ABA signaling network. Lysine acetylation (LysAc) also emerges
as one of the important posttranslational modifications for protein regulation in plants.
Eleven lysine acetylated proteins with altered acetylation in response to ABA were
identified in Arabidopsis using proteomic approach. The increased LysAc of Rubisco and
the decreased Rubisco activity by ABA treatment indicates the acetylation of Rubisco
caused by ABA resulted in the inhibition of Rubisco activity.
ABA has also been shown to exist and function in both lower animals and
mammalians. The medical application of ABA has become a new area of investigation.
To explore the role of protein phosphorylation in ABA-mediated function in
mammalians, phosphoproteomic study was conducted in mouse 3T3-L1 cells. Ten
phosphoproteins with significant changes in serine/threonine phosphorylation in response
to ABA were identified. These results suggest these phosphoproteins are involved in
ABA signaling network in mouse cells. The significance of the function of SFRS1,
ANXA1 and Galectin-3 on human diseases indicated that ABA could be a potential
treatment for some human diseases, such as cancer.
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CHAPTER I
INTRODUCTION

Plant hormones function in many processes of plant cells such as growth,
development and differentiation. ABA is an important hormone that was first found in
plants. In plants, ABA plays a key role in the responses to biotic and abiotic stress, such
as pathogens attack, drought and high salinity. ABA also regulates leaf abscission, seed
dormancy and germination, stomatal aperture and plant growth and development in
plants.
Before 2009, the knowledge to the whole ABA transduction pathway was limited.
In 2009, the protein PYR/PYL/RCAR (Pyrabactin Resistance /PYR Like/ Regulatory
Component of ABA Receptor) was identified as ABA receptor by several research
groups, which was a huge breakthrough in the study of ABA signaling pathway. In
plants, based on the three key components- PYRs (ABA receptors), the PP2C type
phosphatases (negative regulators) and the SnRK2 subtype kinases (positive regulators),
a new core model of ABA signaling pathway was proposed and well accepted. In the
model of the core components of ABA signaling, in the presence of ABA, ABA binds to
its receptor PYRs. PP2Cs also binds to the ABA-PYR complex, which releases SnRKs
and the ABA signaling status is shifted to be ‘on’. In the absence of ABA, PP2Cs
associates with SnRK2s and keep the associated SnRK2s in the dephosphorylated state,
which causes SnRK2 kinases catalytically inactive and the ABA signaling status is
1

shifted to be ‘off’. The double negative regulatory system (1)- PYR/PYL/RCARs ┤
PP2Cs ┤SnRK2s is the mechanism basis of ABA signaling pathway in plants.
Due to its multiple roles in regulating activities of plant cells, the overall pathway
of ABA signaling transduction is very complicated. SnRK2s have been known to be the
substrate of PP2Cs, and the activity of SnRK2s is inhibited by PP2Cs. The regulation of
ABA to PP2Cs and SnRKs is through PYR has been well investigated in the core
regulatory mechanism of ABA signaling. And till now, no evidence showed that the
direct regulation of ABA on PP2Cs and SnRKs. However, the results of my studies
showed that ABA would affect the interaction between SnRK2.2 and ABI1, and it would
further enhance the SnRK2.2 - ABI1 interaction. Furthermore, my data also showed that
ABA can inhibit the catalytic activity of the SnRK2.2 kinase, which indicated that ABA
may directly interact with SnRK2.2. These findings provide new insights to the
understanding of the ABA signaling network in plants.
Although the core components in ABA signaling pathway have been identified, it
is still obscure at the molecular level what other components are involve in ABA
signaling network and how they function in the ABA signal transduction in plants. The
small size of genome and the short life cycle make Arabidopsis a useful plant model for
research. My researches were focused on the proteins potentially involved in the ABA
signaling network in Arabidopsis by 2-DE proteomics approach and LC-MS/MS
analysis. Post translation modifications of proteins are crucial for the regulation of cell
function and signal transduction. Since the phosphatase PP2Cs and kinase SnRK2s are
two essential enzymes in ABA signaling pathway, the phosphorylation is the most
important protein post translation modification in ABA signal transduction. My studies
2

identified the phosphoproteins with altered Ser/Thr phosphorylation after ABA treatment.
This investigation indicated that these phosphoproteins could be the potential
downstream targets in ABA signaling pathway. Besides, lysine acetylation (LysAc) also
is one of the important post translational modifications for protein regulation in plants.
My research showed the ABA function on the regulation of lysine acetylated proteins.
ABA was first found in plants and subsequently found in lower animals and even
in mammalian tissues. In lower animals, ABA signaling pathway shares a similar
regulatory mechanism: stress → ABA increase → PKA activation → ADPR cyclase
activation → [cADPR]i overproduction → [Ca2+]i increase → cell responses. In human
cells, the ABA signaling pathway is more complicated than in lower animals, and the
research on ABA function in humans is still in its early stages. PPARγ (nuclear receptor
peroxisome proliferator-activated receptor γ) is an important metabolic regulator and
transcription factor, and it can be activated by ABA. My research was put attention on the
nuclear proteins, which may related to PPARγ and involved in ABA signal network in
animals. The significance of the function of identified proteins on human diseases
indicated that ABA could be a potential treatment for some human diseases, such as
cancer.
The main objectives of my research are:
1. To investigate the direct regulations of ABA on the interaction between
PP2Cs and SnRK2s and the kinase activity of SnRK2s.
2. To identify the phosphoproteins involved in ABA signaling network in
Arabidopsis and study the function of SnRK2s on these potential ABA
signal downstream targets.
3

3. To identify the lysine acetylated proteins in ABA signaling network in
Arabidopsis and investigate the ABA function in the regulation of protein
lysine acetylation.
4. To identify the nuclear phosphoproteins in mouse cells and study ABA
function on human disease treatment.

4

CHAPTER II
LITERATURE REVIEW

Arabidopsis (Arabidopsis thaliana)
Arabidopsis is an annual and self-pollination flowering plant. The life cycle of
Arabidopsis is much shorter than most of other flowering plants, which can complete its
entire lifecycle in six weeks. The small size of genome and the short life cycle make
Arabidopsis a useful plant model for research. Arabidopsis has been utilized for research
by scientists since early 1900s, and it is now widely studied in many fields of plant
biology, such as evolution, genetics, plant molecular biology and plant development.
Arabidopsis is diploid and has five chromosomes. Arabidopsis has a small
genome of about 135 Mbp (2), and it was the first plant to have its complete genome
sequence (3). And the first detailed description of the genetic blue print of higher plants
is provided by the complete genome sequence of Arabidopsis (4). The Arabidopsis
Information Resource (TAIR) is the up-to-date database for the Arabidopsis genome.
About 27,000 genes and 35,000 proteins have been annotated in Arabidopsis. However,
among the 27,000 genes identified in Arabidopsis, only a few thousand are well defined
by the gene function (5); and the precise function of most of 27,000 genes are still not
known.
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Mutation in Arabidopsis
Forward genetics and reverse genetics are two main approaches in genetics.
Forward genetics is to identify the genotype that is responsible for a phenotype, while in
the opposite side, reverse genetics is to find the phenotypes as a result of particular
genetic sequences. Although the complete genome sequences in Arabidopsis has been
determined, the functions of most genes remain unknown. Thus, scientists are now
focused on the functional genomics by the reverse genetics approaches.
Nowadays, mutational approaches are widely and successfully used in the study
of plant genetic and molecular biology. Gene knockout is a widely used genetic
technique, and it is important in determining the function of a specific gene in living
organisms. The gene knockout system is a direct method to determining the causal
relationship between gene sequence and function. Insertional mutagenesis arises as a
popular means of disrupting gene function in plants. In insertional mutagenesis, the
foreign DNA is inserted into the gene of interest, which provides a rapid way to clone a
mutated gene. In Arabidopsis, the transposons (6) or T-DNA (7) can be used as mutagens
for insertional mutagenesis. However, compared to transposons, T-DNA insertions are
more chemically and physically stable through generation inheritance.
Due to the small size of Arabidopsis introns, a gene function can be generally
disrupted by even a small piece of 5 to 25 kb T-DNA. The advantages of T-DNA
insertional mutagenesis are that it only needs low copy number and random nature of
insertions. Agrobacterium-mediated transformation techniques is a popular method for
approaching genomewide mutagenesis, and it has been technically improved in over
thirty years. The original root-explant method (8) can be used to isolate a few
6

transformed plants; while another method can produce independent transgenic lines via
seed transformation (9). Based on dipping whole plants into Agrobacterium suspensions,
the developed Agrobacterium-mediated transformation method can produce as many as
insertional mutations necessary for saturation of the genome (10). And the homozygous
transgenic lines can be obtained from the population in the form of heterozygous plants.
PCR reaction is used to screening for the insertions of interest in a large population of
mutagenized plant lines (11). There are more than 175,000 T-DNA insertion lines
available from the Arabidopsis Biological Resource Center (ABRC). And the information
of the site of T-DNAinsertions for different genes can be obtained from online T-DNA
databases (http://signal.salk.edu/cgi-bin/tdnaexpress).
In my projects, I used single T-DNA insertional mutant snrk2.2 and snrk2.3. It
has been proved that the snrk2.2 nor snrk2.3 single mutants showed no significant
difference in the ABA-insensitive phenotype, compared to the wild type. However, the
snrk2.2 snrk2.3 double mutant showed strong ABA insensitive phenotypes in seed
germination and root growth inhibition (12). This finding indicates significant redundant
function of SnRK2.2 and SnRK2.3 in ABA signaling pathway in Arabidopsis.
Abscisic acid (ABA)
Plant hormones are regulatory substances naturally produced within plants. Plant
hormones function in many processes of plant cells such as growth, development and
differentiation; and each hormone would affect specific plant tissues such as seeds,
leaves, flowers and fruit. ABA is an important hormone that was first found in plants and
subsequently found in algae, fungi, lichen or even mammalian tissues (13, 14). In plants,
ABA plays a key role in the responses to biotic and abiotic stress, such as pathogens
7

attack, drought and high salinity (15, 16). In addition, ABA also regulates leaf abscission,
seed dormancy and germination, stomatal aperture and plant growth and development
(17-20). Due to its multiple roles in regulating activities of plant cells, the overall
pathway of ABA signaling transduction is very complicated. Although scientists have
identified many components involved in ABA signaling pathway, our knowledge to the
whole transduction pathway is still limited.
ABA signaling pathway in plants
ABA signaling mechanism in plants mainly includes three steps: ABA synthesis
and transport, ABA perception and transduction and ABA signal responses (21). It is still
a question that where ABA is synthesized and how ABA is transported from cell to cell.
For a long time, the identification of ABA receptor was elusive and contested. However,
in 2009, as a major breakthrough in our understanding of ABA signaling pathway,
several research groups identified the new ABA receptor: PYR/PYL/RCAR (Pyrabactin
Resistance /PYR Like/ Regulatory Component of ABA Receptor) protein (22-25).
Combined with the study of the negative ABA signal regulator -type 2C protein
phosphatase (PP2C) and positive regulator- SNF1-related protein kinase 2 (SnRK2), a
new model of ABA signaling pathway appears was proposed in 2009.
In the new model, four key components: PYR/PYL/RCAR receptors, PP2Cs,
SnRK2s and ABA-responsive element binding proteins/ ABA-responsive element
binding factors (AREB/ABF) are involved in the ABA signaling pathway. Normally, in
the absence of ABA, PYR/PYL/RCARs are not bound to PP2Cs.The redundant PP2Cs
can directly dephosphorylate the Ser/Thr residues in SnRK2s’activation loop (26-28).
Under this condition, SnRk2s are inactivated and cannot phosphorylate their downstream
8

targets, such as ABFs. Thus, no ABA signal response can be found. On the contrast, in
the presence of ABA, a ternary PYR-ABA - PP2C complex is formed according to the
“gate- latch-lock mechanism” (29).As a co-receptor for ABA, PP2Cs release SnRK2s,
which can directly phosphorylate ABFs and other proteins (30, 31).Subsequently, ABA
signals are turned on. The three essential components- PYR/PYL/RCARs, PP2Cs
anSnRK2s form a double negative regulatory system: PYR/PYL/RCARs ┤PP2Cs
┤SnRK2s, and this double negative regulatory system is the core part of ABA signaling
transduction pathway (1). Although the key components in core ABA signaling pathway
have been identified, many other factors or messengers involved in the transduction are
still unknown. Further study is needed to determine all the components involved in ABA
signaling pathway.
ABA in animals and humans
As early as in 1985, scientists have found the plant hormone-ABA in mammalian
brain (14). It is reported that although ABA is an endogenous phytohormone, it is also an
endogenous cytokine in mammalian cells (32). ABA was found to be present both in
lower and higher animals, such as sponges (33) and different types of human cells (32,
34).
In lower animals, such as A. polypoides (33), E. racemosum (35) and human
parasites (32), ABA signaling pathway shares a similar regulatory mechanism: the
environmental stress cause an increase in ABA; the intracellular increased ABA then
activate protein kinase A and stimulate the phosphorylation of ADPRC (ADP-ribosyl
cyclase) and the increase of cADPR (cyclic ADP-ribose); overproduced cADPR induces
the increase in the concentration of Ca2+; the signal is responded in cells.
9

In human cells, the ABA signaling pathway is more complicated than in lower
animals. Thus, it is still in its early stages for the research on ABA function in humans.
LANCL2 (lanthionine synthetase C-like protein 2) is a protein functioning in human
granulocytes and insulinoma cells, which is proved to be necessary for ABA-binding.
PPARγ (nuclear receptor peroxisome proliferator-activated receptor γ) is an important
metabolic regulator and transcription factor. It is reported that ABA-mediated activation
of macrophage PPARγ is dependent on LANCL2 expression through LANCL2 knockout
experiments (36). The activation of PPARγ has been shown to directly inhibit
inflammation through multiple mechanisms. Thiazolidinediones (TZDs), synthetic
PPARγ agonists, are very effective in improving systemic insulin sensitivity. ABA is
structurally similar to TZDs, and it was reported that PPARγ and its associated genes,
such as aP2 and CD36, can be induced and activated by ABA (37). Thus, it has been
proposed that ABA can improve insulin sensitivity and obesity-related inflammatory
diseases through a PPARγ dependent mechanism (37) . Besides, it was reported that
ABA can induce apoptosis and inhibit angiogenesis in a variety of cancer cells (38, 39).
In general, ABA now has been considered as a good therapeutic candidate for the drugs
development for several human diseases.
Proteomics
Proteins are one of the most important biological molecules in living organisms.
As the main fundamental molecules of the metabolic pathways of cells, proteins play
many vital roles in different fields and processes, such as catalyzing metabolic reactions,
acting as messengers, responding to stimuli, and influencing growth and development of
various tissues. The term "proteome" is derived from PROTEins expressed by a
10

genOME, which refers to the entire complement of proteins (40). Unlike the genome, the
proteome respond constantly to the intra- or extracellular environmental signals. The term
"proteomics" is a large-scale comprehensive study of specific proteins, especially their
structures and functions (41). Generally, proteomics begins with the functionally
modified proteins and works back to the genes; while on the parallel ways, genomics
starts with the genes and investigate its products -proteins. Mass spectrometry-based
methods and peptide/protein micro arrays are the most common technologies for largescale study of proteins. Proteins can be separated by SDS-PAGE or two-dimensional (2D) gel electrophoresis and identified by mass spectrometry (MS) analysis.
Post translational modifications
Before becoming the mature protein product and functioning in cells, proteins
would undergoseveral different kinds of chemical modifications after translation. Thus,
post translational modification (PTM) is an important step in protein biosynthesis. After
translating from mRNA into polypeptide chains, protein chains are subjected to PTM
processes to form the mature protein products. By adding biochemical functional groups,
removing the regulatory subunits or degrading the entire proteins, the post translational
modification alter the functional range of the proteome. PTMs, involved in regulating
almost all cellular events, play a key role in cellular biological processes such as signal
transduction, gene expression, protein-protein interaction, cellular differentiation and
protein degradation (42-44). Common PTMs include include phosphorylation,
glycosylation, ubiquitination, methylation and acetylation. Various techniques are used to
detect posttranslational modification of proteins, including mass spectrometry, Eastern
blotting, and Western blotting.
11

Phosphorylation
Phosphorylation is the post translational modification by adding a phosphate
(PO43-) group to a protein or other compounds or transferring the phosphate group from
other molecules. Phosphorylation is one of the most commonly studied protein post
translational modifications in cells. Protein phosphorylation plays a key role in mediating
enzyme activation and inhibition, intracellular signal transduction, protein-protein
interaction, cell differentiation and protein degradation (45-47).
Reversible phosphorylation of proteins is an fundamental regulatory reaction that
occurs in both prokaryotic and eukaryotic organisms (48). Phosphorylation usually
occurs on the serine, threonine, tyrosine, histidine or arginine or lysine residues in
prokaryotic cells (49), while it usually occurs at serine, threonine and tyrosine residues in
eukaryotic cells (50). The reversible PTM of protein phosphorylation is mediated by
kinases and phosphatases. Kinases phosphorylate proteins and phosphatases
dephosphorylate proteins. Protein kinases can catalyze such reactions type: ATP +
protein → phosphoprotein + ADP, while phosphatases catalyze the reaction in reversed
direction. The "on" or "off" activity status of enzymes or proteins is regulated by
phosphorylation and dephosphorylation. The conformational changes caused by
reversible phosphorylation in the structure of proteins result in the activation or
deactivation of the compounds. The phosphatase PP2Cs and kinase SnRK2s are essential
components in ABA signaling pathway in plants. Thus, the phosphorylation is the most
important posttranslational modification involved in ABA signal transduction.
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Lysine acetylation
Acetylation s a chemical reaction that transfers a functional acetyl group into a
chemical compound. Acetylation is an important post translational modification of
proteins in cell biology, and thousands of acetylated proteins have been identified by
proteomics studies (51). N-terminal acetylation (N-Ac) is a highly abundant and most
common protein acetylation modification in eukaryotes. It is reported that 68% and 85%
of proteins in yeast and human are acetylated at their Nα-terminus, respectively (52).
Protein Lysine acetylation (LysAc) is a post translational modification whereby
the acetyl group is transferred to the ε-amino group of Lys residues, which is different
from N-terminal acetylation of a protein. Lysine acetylation is also a reversible posttranslational modification in mammalian cells. Lysine acetylation regulates many
fundamental cellular pathways in mammalian cells, such as cell survival and apoptosis,
cellular differentiation, and metabolism (53). LysAc was first found in histone
modification, and LysAc is best known for its function in gene expression and DNAdependent nuclear processes (54). Recent studies showed the importance of LysAc in
regulation of key metabolic enzymes (55, 56). It has been reported that LysAc is a
widespread modification for diverse nonhistone proteins and it may widely affect the
pathways and processes in Arabidopsis (57).
Protein-protein interaction
The identification of physical and functional interactions between proteins is one
goal of proteomics in molecular biology. Protein–protein interactions (PPIs) are the
intentional physical contacts built between two or more proteins. PPIs is useful in the
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study of biological science and play central role in the regulation of biological processes,
such as cell metabolism, transport across membrane and signal transduction (58).
Protein interactions are fundamentally characterized as stable or transient, in
which the interactions can be either strong or weak. Stable interactions are the
interactions between proteins for a long while, which form permanent complexes and
serve as subunits to carry out the structural or functional roles. Transient interactions are
temporary in nature and need a set of conditions to promote the interactions. PPIs can
also be referred to covalent and non-covalent interactions. Covalent interactions refer to
the interactions with the strongest association such as disulphide bonds and electron
sharing; while non-covalent bonds are usually established the weaker bonds, such as
hydrogen bonds, ionic interactions, Van der Waals forces, and hydrophobic bonds (59).
Several methods are used to detect protein–protein interactions. The most
traditional molecular biology method is the yeast two-hybrid analysis. Protein
microarrays, immuno-affinity chromatography combined with mass spectrometry, coimmunoprecipitation (co-IP) and pull-down assays are also powerful technologies used to
detect protein–protein interactions. Due to its long time stable complex structure, the
stable protein-protein interactions can be isolated by physical methods, such as coimmunoprecipitation (co-IP) and pull-down assays; while the weak or transient
interactions can be captured first by the covalently protein crosslink methods and then
followed by co-IP or pull-down assay.
Plant protoplasts (plant cells that had their cell walls entirely removed) provide a
versatile cell-based experimental system, in which DNA, RNA and proteins can be
delivered into protoplasts using various methods, such as PEG–calcium fusion,
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electroporation and microinjection (60). In my project, I used the transient gene
expression system in Arabidopsis mesophyll protoplasts, combined with coimmunoprecipitation, to detect the interaction between SnRK2s and PP2Cs. After
constitutive expression of transfected recombinant genes in Arabidopsis mesophyll
protoplasts, the interacted recombinant proteins can be co-immunoprecipitated and the
target proteins can be detected by followed western blot analysis.
Two-dimensional gel electrophoresis
Two-dimensional gel electrophoresis (2-DE) is one type of gel electrophoresis
commonly used to analyze proteins. Depending on two dimensions of 2D gels, mixtures
of proteins are separated by two properties: pI value and molecular weight. Twodimensional gel electrophoresis was first independently introduced by O'Farrell and
Klose in 1975 (61). Due to its high resolution and sensitivity, 2- DE is a powerful tool for
analyzing and detecting proteins from different sources of biological complex. In the first
dimension, proteins are separated according to its pI value by isoelectric focusing; and
then they are separated depending on the molecular weight by SDS-PAGE in the second
dimension. Since these two parameters- pI value and molecular weight are unrelated, it is
possible to obtain uniform distribution of protein spots by a 2-DE gel.
The proteins separated by 2-DE can be detected by a variety of methods, and the
most commonly used staining methods are silver and coomassie brilliant blue staining.
Pro-Q Diamond phosphoprotein gel staining is an effective technique for the fluorescence
detection of phosphoserine-, phosphothreonine-, and phosphotyrosine-containing proteins
(62). Separated proteins can excised and purified in in-gel digestion and further analyzed
for mass spectrometry.
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Although 2- DE is a powerful tool for the separating and detecting proteins, it also
includes several limitations: 1.) 2-DE is much more sensitive to many interfering
compounds present in the protein samples than 1-DE, such as salts, lipids,
polysaccharides (including cell walls) and nucleic acids; 2.) Proteins expressed at low
abundance may be missed; 3.) 2-DE has limited reproducibility and high rate of false
identification. However, compared to other protein separation methods, 2-DE has its
unique advantages: 1.) 2-DE can separate proteins based on their charges and sizes, not
only the size of protein; 2.) 2-DE increases the resolution of protein detection, and about
2000-2500 spots per gel can be detected by 2-DE; 3.) 2-DE can easily detect the
modification of each separated protein, such as phosphorylation, methylation and
acetylation.
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CHAPTER III
DISSECTING THE EFFECTS OF ABA ON ITS CORE SIGNALING COMPONENTS
IN ARABIDOPSIS

Abstract
The plant hormone ABA regulates many processes in plants, such as stress
tolerance, stomatal aperture, seed dormancy and germination and plant growth and
development. The molecular basis for the core components of ABA signaling pathway in
Arabidopsis has been identified since 2009. The core components include the ABA
receptors PYRs, the PP2C type phosphatases and the SnRK2 subtype kinases.
Phosphatase PP2C and kinase SnRK proteins, as negative and positive regulator in ABA
signaling pathway respectively, play a key role in ABA signaling pathway. Although
PYRs have been identified as ABA receptors, my research showed that ABA would
directly affect the interaction between PP2C and SnRK without PYR. Furthermore, my
data also indicated that ABA would directly affect the kinase activity of SnRK2.2 to its
substrate.
Introduction
ABA is a very important phytohormone for plants in response to the
environmental stress such as drought and salinity. It also plays critical roles in seed
dormancy and germination, stomatal aperture, leaf abscission and plant growth and
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development. According to importance of ABA application to the agriculture, numerous
studies have been focused on the investigating the ABA signaling mechanism in plants.
The two major breakthrough - the identification of PYR as ABA receptor (22, 23) and
PP2C-SnRK2 complex regulated by ABA interacted with PYR (26, 27) in 2009 provided
new insights to the ABA signaling network. The core model of ABA signaling pathway
in plants consists of four key components: receptor-PYR, negative regulator-PP2C, and
positive regulator- SnRK and transcription factor- ABF. Nowadays, the PYR-PP2CSnRK pathway for ABA core signal transduction has been widely accepted and clearly
demonstrated by scientists (1, 63). However, our understanding of the effects of ABA on
the interaction and activities of the core components for ABA signaling pathway is still
not complete.
In Arabidopsis, PP2Cs are the negative regulators in ABA signaling pathway.
ABI1 (ABA-INSENSTIVE1), ABI2 (ABA-INSENSTIVE2) and HAB1 (HOMOLOGY
TO ABI1) are three important members of group A PP2Cs, which are shown to be
directly involved in ABA signaling pathway (22, 23).It was reported that ABI1 exhibits
stronger capability of inhibition to SnRK2 kinases than ABI2 or HAB1 (64). On the other
side, for the positive regulator SnRKs, only subclass III SnRK2 can be strongly activated
by ABA signal (65). Thus, we focus on the ABI1s and SnRK2s protein. It is known that
ABI1s can directly dephosphorylate and bind to SnRK2s; while in the presence of ABA,
PYR-ABA-ABI1 complex is formed so that SnRK2s are activated, which results in the
delivery of ABA response. Previous study in our lab showed that ABA may directly
interact with SnRK2s without PYRs and ABIs. Our hypothesis is that: 1.) regardless of
the existing of PYRs, ABA somehow has direct impact on the interaction between
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SnRK2s via PP2Cs, even though it is not the dominant pathway compared to the “core”
ABA signaling pathway; 2.) If ABA can interact with SnRK2s, would ABA affect the
kinase activity of SnRK2s to its substrate ABFs? To address these questions, I did in vivo
transient gene expression analysis in Arabidopsis protoplasts and immunoprecipitation
for protein interaction analysis, and we also did in vitro kinase assay to check the activity
changes of SnRK2s by ABA.
Materials and Methods
Constructs making
GST tagged SnRK2.2 (GST-SnRK2.2) and histidine tagged ABI1 (His-ABI1)
constructs were previously made in our lab (not shown).
HA-SnRK2.2 construct
Purified HBT-sGFP (HBT95 promoter-sGFP-NOS terminator, 4230bp; Appendix
A, Fig. 1) plasmid was digested by restriction enzyme NcoI and NotI into two DNA
fragments. The larger fragment (~3600 bp) was the vector DNA and was purified by
QIAquick Gel Extraction Kit. SnRK2.2 sequence was amplified by PCR from GSTSnRK2.2 plasmid template, using the following two primers:
5’

CCGCCATGGGAATGTACCCATACGATGTTCCAG 3’
NcoI

5’

GTAGTGGAGAGATAGTTTATGCTCTCTGAGCGGCCGCGGA 3’
NotI

The PCR products (1138 bp) was also digested by NcoI and NotI and purified by
QIAquick Gel Extraction Kit. The recombinant DNA was obtained by ligating the insert
DNA into the vector DNA. Recombinant HA-SnRK2.2 plasmid was transformed into E.
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coli strain BL21 (DE3). The transformation colony was picked from ampicillin plate. The
HA-SnRK2.2 plasmid was purified by QIAprep Miniprep kit and comfired by DNA
sequencing (Appendix B).
FLAG-ABI1 construct
Purified HBT-sGFP (HBT95 promoter-sGFP-NOS terminator, 4230bp; Appendix
A, Fig. 1) plasmid was digested by restriction enzyme BamH1 and NotI into two DNA
fragments. The larger fragment was the vector DNA and was purified by QIAquick Gel
Extraction Kit. ABI1 sequence was amplified by PCR from His-ABI1 plasmid template,
using the following two primers:
5’

ATAGGATCCATGGACTACAAAGACGATGACGACAAAGAGGAAGTAT
BamH1
CTCCGGCGATCGCAGG 3’
5’

CTCGGAGGAAACTCAAGAGCAAACCCTTGAACTGAGCGGCCGCATT 3’
NotI
The PCR products (1349 bp) was also digested by BamH1 and NotI and purified

by QIAquick Gel Extraction Kit. The recombinant DNA was obtained by ligating the
insert DNA into the vector DNA. Recombinant FLAG-ABI1 plasmid was transformed
into E. coli strain BL21 (DE3). The transformation colony was picked from ampicillin
plate. The FLAG-ABI1 plasmid was purified by QIAprep Miniprep kit and comfired by
DNA sequencing (Appendix B).
His-ABF2 construct
Purified pET-28a (5369 bp; Appendix A, Fig. 2) plasmid was digested by
restriction enzyme NheI and XhoI into two DNA fragments. The 5300 bp fragment was
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the vector DNA and was purified by QIAquick Gel Extraction Kit. ABF2 sequence was
amplified by PCR from cDNA of Arabidopsis leaf, using the following two primers:
5’

GGGCTAGCATGGATGGATGGTAGTATGAATTTGG 3’
Nhe1
5’
TCTTGGCTCTTAGTCGACGTTGAGCTCAA 3’
XhoI
The PCR products (1349 bp) was also digested by NheI and XhoI and purified by
QIAquick Gel Extraction Kit. The recombinant DNA was obtained by ligating the insert
DNA into the vector DNA. Recombinant His-ABF2 plasmid was transformed into E. coli
strain BL21 (DE3). The transformation colony was picked from ampicillin plate. The
His-ABF2 plasmid was purified by QIAprep Miniprep kit and comfired by DNA
sequencing (Appendix B).
In vivo transient gene expression analysis
The transient gene expression analysis in Arabidopsis protoplast was followed the
protocol of Sheen’s lab (60).
Protoplast preparation
The leaves of -34-week-old Arabidopsis were cut into 0.5-1 mm strips. The leave
strips were incubated in enzyme solution (20 mM MES (pH 5.7), 1.5% cellulase R10,
0.4% macerozyme R10, 0.4 M mannitol, 20 mM KCl, 10 mM CaCl2, 1–5 mM βmercaptoethanol and 0.1% BSA). After vacuumed for 30 mins in the dark, the leave
strips were continued to be incubated in the enzyme solution in the dark for 3 hours.
After the solution turned into green, the released protoplasts were checked under the
microscope. The protoplast solution was diluted by the equal volume of W5 solution (2
mM MES (pH 5.7), 154 mM NaCl, 125 mM CaCl2 and 5 mM KCl) and then filtered
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through 75 μm nylon mesh to remove the undigested leaves. The protoplasts were
collected by centrifugation at 100g and re-suspended in W5 solution (2 × 105 ml−1) after
cell counting. After incubated on ice for 30 mins, the protoplasts were settled at the
bottom of the tube. The W5 solution was removed and the protoplasts were re-suspended
in the MMG solution (4 mM MES (pH 5.7), 0.4 M mannitol and 15 mM MgCl2).
DNA transfection
Two hundred microgram recombinant HA-SnRK2.2 and FLAG-ABI1 plasmids
were mixed with 2 × 104 protoplasts in PEG-Ca transfection solution (40% PEG4000, 0.2
M mannitol and 100 mM CaCl2). The transfection solution were incubated at room
temperature for 10-15 mins and stopped by 4 volumes of W5 solution. The transfected
protoplasts were collected by centrifugeation at 100g and re-suspended in WI solution (4
mM MES (pH 5.7), 0.5 M mannitol and 20 mM KCl). The protoplasts were incubated in
different WI solution (no ABA, 10 μM (-)-ABA and (+)-ABA) overnight. The protoplasts
were harvested by centrifugation at 100g.
Immunoprecipitation of HA-SnRK2.2
The transfected protoplasts were lysed in lysis buffer (50 mM Tris-HCl (PH7.5),
150 mM NaCl, 5mM EDTA, 1mM DTT, 0.5% Trinton-100, 0.1% SDS, protease
inhibitor cocktail (1:100), phosphatase inhibitor (1:100)) and incubated on ice for 10
mins. The lysis solution was mixed and centrifuged at 13,000 rpm for 10 mins. The
supernatant was added into anti-HA matrix and mixed for 4 hours at 4 °C. The matrix
were centrifuged at 13000 rpm and washed twice by wash buffer (50 mM Tris-HCl
(PH7.5), 150 mM NaCl, 5mM EDTA, 1mM DTT, 0.1% Trinton-100 and 0.1% SDS).
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The pelleted matrix was mixed with SDS sample buffer and heated for 5 mins. The
supernatant was taken and loaded into the SDS-PAGE gel for Western blot anylysis.
Detection of FLAG-ABI1 by Western blotting
The protein samples were separated by 12% SDS-PAGE and semidry transferred
to a PVDF membrane (Millipore). Blots were blocked with 2% BSA in TBS-T for 1 h
and immunoblotted with anti-FLAG M2 antibody (1:1000) for 2 h. Membranes were then
incubated with secondary goat-anti-mouse IgG antibody (1:10000) for 1 h. The
transferred blots were incubated with ECL substrate (Thermo scientific) to detect FLAGABI1.
Purification of recombinant proteins by column chromatography
Cells preparation
The GST-SnRK2.2, His-ABI1 and His-ABF2 transformed E. coli. cells were
grown in cell culture medium with antibiotics (ampicillin for GST-SnRK2.2 and
kanamycin for His- ABI1 and His-ABF2). After shaken at 37 °C for 4 hours, the cell
culture was added by 1 mM IPTG to induce the protein expression. After shaken at 30 °C
for 4 hours, the cells were pelleted and stored at - 80 °C.
Column Chromatography purification of GST-SnRK2.2
The cells were resuspended in 1×PBS buffer (10 mM Na2HPO4, 1.8 mM KH2PO4,
2.7 mM KCl and 137 mM NaCl, pH 7.3) and sonicated at NPVT=28% for six times. The
broken cells were pelleted at 12000g at 4 °C for 15 mins. The supernatant proteins were
mixed with equilibrated GST·bind resin (Novagen) at 4 °C for 1 hour. After the mixed
the matrix was loaded and the flowthough was collected, the column was washed by the
23

10 volumes 1×PBS buffer. Then 3 volumes elution buffer (50 mM Tris-HCl (PH8.0), 100
mM NaCl and 20 mM reduced glutathione) was loaded into the column and the
flowthrough fraction was collected. SDS-PAGE was run to confirm the elution fraction
with the purified proteins.
Column Chromatography purification of His-ABF2 or His-ABI1
The cells were resuspended in lysis buffer (50 mM Na2HPO4, 300 mM NaCl and
10 mM imidazole) and sonicated at NPVT=28% for six times. The broken cells were
pelleted at 12,000g at 4 °C for 15 mins. The supernatant proteins were mixed with
equilibrated Ni-NTA Agarose (Qiagen) at 4 °C for 1 hour. After the mixed the matrix
was loaded and the flowthough was collected, the column was washed by the 10 volumes
wash buffer (50 mM Na2HPO4, 300 mM NaCl and 20 mM imidazole). Then 3 volumes
elution buffer (50 mM Na2HPO4, 300 mM NaCl and 250 mM imidazole) was loaded into
the column and the flowthrough fraction was collected. SDS-PAGE was run to confirm
the elution fraction with the purified proteins.
In vitro kinase assay
GST-SnRK2.2 (1μg) was incubated with its substrate Histone III-S or His-ABI1
(0.5μg) for 30 min in 30μl kinase assay buffer with or without 20 μM ABA. The mixture
was incubated for 30 mins in room temperature. SDS protein sample buffer was added to
stop the reaction. The proteins were resolved by SDS-PAGE and phosphorylation of
proteins was detected by Pro-Q Diamond.
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Results and Discussion
ABA’s effect on the interaction between SnRK2.2 and ABI1
PP2Cs and SnRK2s have been well studied in ABA signaling network. In the
model of the core components of ABA signaling, after ABA binds to its receptor PYR,
PP2C also binds to the ABA-PYR complex, which releases SnRK and the ABA signaling
status is shifted to be ‘on’. In the absence of ABA, PP2Cs associates with SnRK2s and
keep the associated SnRK2s in the dephosphorylated state, which renders SnRK2 kinases
catalytically inactive and the ABA signaling status is shifted to be ‘off’. SnRK2.2 has
been known to be the substrate of ABI1, and the activity of SnRK2.2 is inhibited by
ABI1. The regulation of ABA to PP2C and SnRK through PYR is in the well-accepted
core regulatory mechanism of ABA signaling. And till now, no evidence showed that the
direct regulation of the interaction of PP2C and SnRK by ABA.

Figure 1

ABA effect on the interaction between SnRK2.2 and ABI1 in vivo
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For the transient gene expression analysis in Arabidopsis protoplasts, redundant
HA-SnRK 2.2 and FLAG-ABI1 were expressed in protoplasts. If there is an interaction to
between the two proteins, FLAG-ABI1 would be co-immunoprecipitated along with the
immunoprecipitated HA-SnRK 2.2. ABA treatment would determine whether ABA
would affect the interaction between HA-SnRK 2.2 and FLAG-ABI1. As shown in Fig.
1, exist of ABA would increase the interaction between SnRK2.2 and ABI1. This result
indicated that ABA caused a significant enhancement in SnRK2.2 - ABI1 interaction in
vivo.
ABA’s effect on the activity of SnRK2.2
It is known that ABA cannot directly interact with ABI1, however, the result of
my study showed that ABA can affect the interaction between SnRK 2.2 and ABI1. This
result indicated that it is possible that ABA would interact with SnRK2.2 directly and
affect the activity of SnRK2.2. Histone is one of the substrates of SnRK2.2 (66). As
shown in Fig. 2A, after (+)-ABA treatment, the phosphorylation of histone III-S
significantly decreased, compared to control and (-)-ABA treatment, which indicated that
the kinase activity of SnRK2.2 was inhibited by (+)-ABA. Sinilarly, as shown in Fig. 2B,
the phosphorylation level of ABF2 also showed a reduced trend after (+)-ABA treatment
in vitro. The kinase assay results from two SnRK2.2 substrates indicated that ABA may
directly interact with SnRK 2.2 and inhibit the activity of SnRK2.2.
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Figure 2

In vitro kinase assay for SnRK2.2 on its substrates

A.) Histone III-S; B.) ABF2
Conclusion
Although it is known that PYR, PP2C, and SnRK2 are the core components of
ABA signaling in plants, the understanding of the effects of ABA on the interaction of
the three core components is still not complete. The results of my studies showed that
ABA would affect the interaction between SnRK2.2 and ABI1, and it would enhance the
SnRK2.2 - ABI1 interaction. Furthermore, ABA can inhibit the catalytic activity of the
SnRK2.2 kinase, indicating that ABA may directly interact with SnRK2.2. These
findings extend our understanding for the effects of ABA on the interaction and activities
of the core ABA signaling components in plants.
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CHAPTER IV
PROTEOMICS ANALYSIS OF PHOSPHOPROTEINS INVOLVED IN ABA
SIGNALING PATHWAY IN ARABIDOPSIS

Abstract
The plant endogenous hormone ABA plays a key role in many fields and
processes in plans, and it also response to the environmental stress for plants. Along with
the identification of ABA receptor - PYR/PYL/RCAR, the core model of ABA signaling
pathway in plants was well studied. Phosphatase PP2Cs and kinase SnRK2s, as negative
and positive regulator respectively, are two key components in ABA signaling pathway.
Thus, the phosphorylation is the most important posttranscriptional modification in ABA
signal transduction. AREB/ABFs are known to be the downstream target of SnRK2s in
the core model of ABA signaling pathway. However, we identified 10 phosphoproteins
with significant phosphorylation changes after ABA treatment by the 2-DE and LCMS/MS analysis. Among the 10 identified phosphoroteins, GGAT1 and ALDH11A3
could be the potential direct phosphorylated targets of SnRK 2.2 in ABA signaling
pathway; ATPB, FBA1, GAPC1, CTIMC, GGAT1 and STM could be the links between
ABA-dependent and ABA –independent pathway in response to osmotic stress in plants.
Besides, the 10 identified proteins would also be the crosslink between ABA and other
stress response.
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Introduction
Abscisic acid (ABA) is a very important plant endogenous hormone. In plants,
ABA plays a key role leaf abscission, seed dormancy and germination, stomatal aperture
and plant growth and development (17, 19, 20). ABA also regulates the responses to
biotic and abiotic stress, such as pathogens attack, drought and high salinity (15, 67). Due
to its multiple roles in regulating activities of plant cells, the overall pathway of ABA
signaling transduction is very complicated.
Before 2009, the knowledge to the whole ABA transduction pathway was limited.
In 2009, the protein PYR/PYL/RCAR (Pyrabactin Resistance /PYR Like/ Regulatory
Component of ABA Receptor) was identified as ABA receptor by several research
groups (22-25). Combined with the study of the negative ABA signal regulator -type 2C
protein phosphatase (PP2C) (68, 69) and positive regulator SNF1-related protein kinase 2
(SnRK2) (27, 70), a new model of ABA signaling pathway appears was proposed (Fig.
1). In this model, there are four key components: PYRs, PP2Cs, SnRK2s and
AREB/ABFs (ABA-responsive element binding proteins/ ABA-responsive element
binding factors) (30). Normally, in the absence of ABA, PYRs are not bound to PP2Cs so
that the redundant PP2Cs can directly dephosphorylate the Ser/Thr residues in
SnRK2s’activation loop (26, 27). Under this condition, SnRk2s are inactivated and
cannot phosphorylate the downstream targets, such as ABFs. Thus, no ABA signal
response can be found (Fig. 3A). On the contrast, in the presence of ABA, a ternary PYRABA - PP2C complex is formed according to the “gate-latch-lock mechanism” (29).As a
co-receptor for ABA, PP2Cs release SnRK2s so that ABFs and other downstream
proteins are activated. Subsequently, ABA signals are turned on (Fig. 3B).
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Figure 3

The overview of ABA signaling pathway in Arabidopsis thaliana.

(A) In absence of ABA, SnRK2s are inhibited due to the dephosphorylation by PP2Cs.No
ABA signals can be found. (B) In presence of ABA, PYR/PYL/RCARs, PP2Cs and ABA
form a ternary complex. Activated SnRK2s can phosphorylate downstream targets- ABFs
or other factors. Thus, ABA signals are turned on.
SnRKs are a large group of protein kinases in Arabidopsis, which can be divided
into three subgroups: SnRK1, SnRK2 and SnRK3 (71). SNF1-related protein kinase 2
(SnRK2) has been widely known as a major positive regulator in ABA signaling (12, 72).
The SnRK2 protein family in Arabidopsis contains ten members: SnRK2.1-SnRK2.10
(73). The ten SnRK2 members are divided into three subclasses: I, II and III (Fig. 4) (72).
Among all the SnRK2 family members, only subclass III SnRK2 can be strongly
activated by ABA (65). Subclass III SnRK2 contains three essential kinases: SnRK2.2,
SnRK2.3 and SnRK2.6. The study in Arabidopsis triple mutant snrk2.2/2.3/2.6 clearly
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demonstrates that SnRK2.2, SnRK2.3, and SnRK2.6 play a key role in ABA signaling
pathway (74). SnRK2.6 is strongly expressed in vascular tissue and guard cells and
control stomatal closure (75), while SnRK2.2 and SnRK2.3 are mainly expressed in seeds
or vegetative tissues and regulate seed germination and root growth(12). We focused on
the ABA signaling pathway in Arabidopsis seedlings by using snrk2.2 and snrk2.3
mutants.
Although the core ABA signaling pathway has been well demonstrated, the ABA
signal transduction would not only pass through the PYR-PP2C-SnRK2-ABF way. In
ABA signaling pathway, ABFs are known to be the direct targets of SnRK2s. However,
the ABFs could not be the only target for SnRK2 kinases. Some other phosphoproteins
should be involved in the ABA pathway, even though they have not been identified yet.
Our aim is to find out what other proteins or factors are involved in ABA downstream
signaling transduction, which are regulated by SnRK2.2 and SnRK2.3. To better
understand the whole ABA signaling pathway, we are also interested in the interactions
among these downstream targets and the crosslink between ABA signaling and other
stress regulation.
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Figure 4

The classification of SnRK2 family in Arabidopsis.

Materials and Methods
Plant material and treatments
T-DNA insertion lines Salk T-DNA collections and isolated snrk2.2 and snrk2.3
homozygous mutants were obtained and confirmed by PCR screening (Appendix A). The
seeds of Arabidopsis thaliana ecotype Columbia (Col-0) and single mutant T-DNA
insertion lines snrk2.2 and snrk2.3 were germinated on agar Murashige–Skoog (MS)
plates containing 4.3 g/l MES and 2 % sucrose. After 2d incubation in the dark at 4 °C,
plates were moved to growth chamber with a 16 h light/8 h photoperiod at 22 °C. Twoweek-old seedlings of wild type and mutants were immersed into the water or 50 µM
ABA solution for 3h. The seedlings were frozen in liquid nitrogen and stored at -80 °C
for future use.
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Protein extraction
Total Proteins were extracted according to TCA–acetone–phenol protocol (76).
Frozen seedlings were grinded into fine powder in liquid nitrogen. Transfer 0.6 g powder
into 2-ml tube and fill the tube with 10% TCA/acetone. Centrifuge at 16,000 ×g for 5 min
at 4 °C and discarded the supernatant. The protein pellet was then sequentially washed by
80% methanol (containing 0.1M ammonium acetate) and 80% acetone. After air dried for
5 min, the pellet was mixed thoroughly with 2 ml 1:1 phenol (PH 8.0)/SDS buffer (77).
The upper phenol phase was then mixed with 1 ml methanol containing 0.1M ammonium
acetate and incubated at -20 °C from 3 h to overnight. After centrifugation at 16,000 ×g
for 5 min (4 °C), the pellet was washed by methanol once and 80% acetone once. The
protein extract was air dried briefly and store at -20 °C.
2-D electrophoresis conditions
Protein pellets were dissolved in IEF buffer (9 M urea, 4% w/v CHAPS, 20 mM
DTT, 0.5 % w/v Bio-Rad carrier ampholytes pH 5–8). Protein concentration was
determined by the Bradford assay. The protein samples (200 µg for western blotting, 400
µg for gel staining) were loaded to 11 cm IPG strips (PH 5-8, Bio-Rad) and rehydrated at
50 V for 12 h at 20 °C. The IEF running condition was 200 V 1 h, 500 V 1 h, 1000V 1 h,
8000 V 4 h (limited to 50 mA/ strip). The focused IPG strips were first incubated in
equilibration buffer (375 mM Tris–HCl pH 8.8, 6 M urea, 20% w/v glycerol, 2% w/v
SDS) with 2% w/v DTT for 15 min, then incubated in the equilibration buffer with 2.5%
w/v Iodoacetamide plus a dash of bromophenol blue for another 15 min. The strips were
then loaded onto the top of 12% polyacrylamide-SDS gels for the second dimension
electrophoresis at a constant current of 25 mA.
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Gel staining
2-DE gels were fixed in 10% acetic acid and 50% methanol overnight. After 3
times wash by ddH2O, the gels were sensitized in fresh 0.02% sodium thiosulfate for 90
sec. The gels were then incubated in 0.1% silver nitrate solution for 30 min. The gels
were developed in developer solution () for no more than 10 min. The staining was
stopped by 6% acetic acid for 10 min. The stained gels were scanned with a model 4000
VersaDoc Imaging System (Bio-Rad).
Western blotting
Protein samples in 2-DE gels were semidry transferred to a PVDF membrane
(Millipore) at constant volt of 30 V overnight. Blots were blocked with 2% BSA in TBST for 1 h and immunoblotted with anti-phosphoserine (1:3000 dilution; Invitrogen) or
anti-phosphoThreonine (1:3000 dilution; Invitrogen) antibodies for 2 h. Membranes were
then incubated with secondary goat anti rabbit IgG antibody (1:10000 dilution;
PerkinElmer) for 1 h. Finally, the blots were incubated with ECL substrate (Thermo
scientific) to detect the phosphoproteins.
In-gel digestion and LC-MS/MS Analysis
Protein spots were excised from the 2-DE gels. Gel pieces were dehydrated in
100 % acetonitrile twice for 10 min and vacuum dried for 10 min.Dried gel pieces were
then incubated with 2.5 ng/µl trypsin in 50 mM ammonium bicarbonate before overnight
incubation at 37 °C. The peptides were collected into a new tube. The gel pieces were
incubated with an extraction solution (50% acetonitrile containing 0.1% trifluoroacetic
acid) and the supernatant is collected. The mixture was concentrated and store at – 20 °C.
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The tryptic digests were evaporated to dryness in a SpeedVac (Eppendorf)
without heating. The peptides were resuspended in 20ul of 5% formic acid in 5% aqueous
acetonitrile (ACN). Ten to twenty five percent of each sample was loaded onto an inhouse packed reversed phase capillary HPLC (RP-HPLC) column (Magic C18, 100A,
5u) and separated with a 30 minutes gradient (400 nl; 5% to 35% ACN) using a nanoflow
HPLC system (Eksigent). The eluting peptides were analyzed with an LTQ mass
spectrometer, an LTQ-Orbitrap classic mass spectrometer or a Q-Exactive instrument
(Thermo Fisher Scientific). Upon conversion of the .raw data into .mgf files (78), the data
were analyzed using the Paragon Algorithm as it is incorporated into ProteinPilot™ (v.
4.0; AB Sciex). In all searches, the acquired MS2 spectra were matched to A. thaliana
databases downloaded in the FASTA format from UniProt (http://www.uniprot.org)
Results and Discussion
Two dimensional gel electrophoresis
Among the total proteins in the seedlings of Arabidopsis thaliana, most of the
protein spots are concentrated in the pH region of 5 to 8 for 2-DE assay (79). Thus, for
the better resolution, Two-DE was run by using pH 5-8 linear strips instead of PH 3-10
gels. And 2-DE was performed 4 times from 3 times protein extraction. For each lines of
Arabidopsis thaliana (Col-0, snrk2.2 and snrk2.3), I ran 2 groups of gels (1 gel for the
control and 1 gel for ABA treatment per group) for gel staining and Western blotting,
respectively. The representative 2-DE silver staining maps are shown in Fig. 5A. Over
400 total protein spots were detected on the 2-DE gels for Col-0, snrk2.2 and snrk2.3.
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Figure 5

Representative 2-DE maps of total proteins from A. thaliana Col-0, snrk
2.2 and snrk 2.3 treated with or without ABA.

(A). silver staining 2-DE gels. (B). 2-DE Western blots by anti-phosphoserine antibody.
(C). 2-DE Western blots by anti-phosphothreonine antibody.
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Figure 5 (continued)
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Figure 5 (continued)
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Detection of serine/threonine phosphorylated proteins by Western blot
Differences in serine phosphorylated protein profiles were displayed by western
blot using anti-phosphoserine antibody. As shown in Fig. 5B, for the serine
phosphorylation, 40 significant protein spots were detected on western blot for wild type,
as well as 57 and 38 protein spots for snrk2.2, and snrk2.3, respectively. After the
detection of serine phosphoproteins, membrane stripping was done. The blots were
washed by stripping buffer (15 g/l glycine, 1g/l SDS and 0.01% Tween 20; pH 2.2) twice
and followed by 1×PBS wash twice. The blots were then incubated in blocking solution,
primary anti-phosphothreonine antibody (1:3000 dilution; Invitrogen), and secondary
antibody and ECL substrate in order. The detected threonine phosphorylated proteins
were shown in Fig. 5C. 48 ±4 (Col-0), 42 ±5 (snrk2.2), and 36 ±4 (snrk2.3) significant
protein spots were observed on the western blots.
Table 1

Serine/Threonine phosphoproteins identified by MS analysis.

Spot ID Protein Name

Locus
number

1
2
5
6
7
8
9
10
12

ATP synthase subunit beta, chloroplastic
fructose-bisphosphate aldolase
Triosephosphate isomerase, cytosolic
glutamate:glyoxylate aminotransferase
ATP synthase gamma chain 1, chloroplastic
Glyceraldehyde-3-phosphate dehydrogenase GAPC1, cytosolic
Glyceraldehyde-3-phosphate dehydrogenase GAPC2, cytosolic
Glyceraldehyde-3-phosphate dehydrogenase GAPA1, chloroplastic
Serine hydroxymethyltransferase 1, mitochondrial

ATCG00480
AT2G21330
AT3G55440
AT1G23310
AT4G04640
AT3G04120
AT1G13440
AT3G26650
AT4G37930

15

NADP-dependent glyceraldehyde-3-phosphate dehydrogenase

AT2G24270

39

sequence
Swiss-Prot matched
Theor. Mr
coverage
accession no. peptides
(kDa)/pI
(%)
P19366
57
87.76 54/5.4
F4IGL5
25
82.26 42/6.5
P48491
11
57.09 27/5.4
Q9LR30
21
92.52 54/6.9
Q01908
13
84.72 36/6.2
P25858
91
98.52 37/6.6
Q9FX54
9
55.03 37/7.2
P25856
40
79.04 43/7.9
Q9SZJ5
5
41.97 54/6.7
F4INS6

10

66.8

54/6.6

Exp. Mr
(kDa)/pI
50/6.0
37/6.0
25/5.3
50/7.0
37/7.0
40/7.3
40/7.4
40/7.6
50/7.2
55/6.8

Identification of serine/threonine phosphoproteins by LC-MS/MS analysis
The research on knock-out Arabidopsis mutant snrk 2.2 and snrk 2.3 showed that
SnRK2.2 and SnRK2.3 are key positive regulators in ABA signaling (74, 80, 81). Thus,
the knockout of these two genes in Arabidopsis can directly or indirectly causes the
activity changes of their down-stream phosphopreteins, which would block the ABA
signal pathway. Among all the phosphoproteins detected on western blots, not all proteins
showed significant differences between control and ABA treatment from different lines
of Arabidopsis, compared to wild type. For the reproducibility and repeatability, only 10
differentially phosphorylated proteins were identified by LC-MS/MS analysis. And
database searching was shown in Table 1. The basic phosphorylation information of each
protein can be found on the WEB: http://www.arabidopsis.org/index.jsp and
http://phosphat.mpimp-golm.mpg.de/phosphat.html, respectively. Comparative analysis
of differential serine/threonine phosphorylation for each protein spots will be discussed in
detail below.
Chloroplastic ATP synthase subunit beta (ATPB) and chloroplastic ATP synthase
gamma chain 1 (ATPC1) (spot 1 and spot 7) are the two polypeptide chains of the 9subunit chloroplastic ATP synthase (82). The beta subunits host the catalytic sites of ATP
synthase while the gamma subunit appears to play a key role in coupling the catalytic site
events with proton translocation. Both the beta and gamma subunits of chloroplastic ATP
synthase are found phosphorylated in Arabidopsis (83). Fructose-bisphosphate aldolase
(FBA1, spot 2) is a key enzyme in plants mainly involved in glycolysis and
gluconeogenesis. FBA1 gene in Arabidopsis has been proved to have different expression
pattern in response to ABA (84), which indicate that FBA1 may be involved in ABA
40

signaling. Cytosolic Triosephosphate isomerase (CTIMC, spot 5) is mainly involved in
gluconeogenesis and glycolysis. Glutamate:glyoxylate aminotransferase (GGAT1, (also
referred to as GGT1,spot 6) plays an important role in the transamination in
photorespiratory carbon cycles in Arabidopsis (85). The study in glutamate:glyoxylate
aminotransferase mutant showed that the change of GGAT1 expression will alter the
plant response to ABA (86). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
functions in energy production and plant primary metabolism (87). Glyceraldehyde-3phosphate dehydrogenase GAPC1 and GAPC2 (spot 8 and spot 9) are located in cytosol
and involved in glycolysis, while GAPA1 (chloroplastic Glyceraldehyde-3-phosphate
dehydrogenase, spot 10) is located in chloroplast and involved in photosynthetic
reductive pentose phosphate pathway. It was reported that the knockout of GAPCs would
decrease the sensitivity of ABA in Arabidopsis (88, 89), which suggest that GAPCs are
involved in ABA signaling pathway. Mitochondrial Serine hydroxymethyltransferase 1
(STM, spot 12) is an enzyme functions in the photo respiratory pathway, which is
reported to response to biotic and abiotic stress in Arabidopsis (90). NADP-dependent
glyceraldehyde-3-phosphate dehydrogenase (ALDH11A3, spot 15) mainly involved in
oxidoreductase activity in cells. According to our data, it is possible that SnRK 2.2 and
SnRK 2.3 would be direct or indirect regulator on the serine/threonine phosphorylation of
these 10 proteins. And the trends of Ser/Thr phosphorylation changes from these 10
phophoproteins will be discussed in detail below.
Comparative analysis of serine phosphorylation of the identified 10 proteins
If a phosphoprotein involves in the ABA signaling pathway, the phosphorylation
level of this protein would be changed after ABA treatment in wild type. According to
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the trends of serine phosphorylation changes after ABA treatment in wild type, the 10
identified proteins can be divided into three types (Fig. 6).
In Fig. 6A, the serine phosphorylation of the four proteins (ATPB, FBA1, CTIMC
and STM) were down regulated by ABA in wild type. In snrk2.2 mutant, the serine
phosphorylation of these 4 proteins was also reduced after ABA treatment, which
indicated that SnRK2.2 may not be involved in the regulation of serine phosphorylation
of these four proteins. And in snrk2.3 mutant, ATPB, FBA1 and CTIMC showed a
decreased ser-phosphorelation signal after ABA treatment, while the serine
phosphorylation of STM increased after ABA treatment, which is different from the seine
phosphorylation change pattern in wild type. This result indicated that SnRK2.3 may be
directly involved in the regulation of serine phosphorylation of STM.
In Fig. 6B, the serine phosphorylation of GGAT1 and ALDH11A3 were up
regulated by ABA in wild type. However, after SnRK2.2 was knocked out, the serine
phosphorylation level significantly decreased by ABA treatment for both of these two
proteins. This result was interesting and indicated that GGAT1 and ALDH11A3 may be
the direct downstream targets of SnRK2.2 in ABA signaling pathway. In mutant snrk2.3,
after ABA treatment, the serine phosphorylation of GGAT1 had no significant changes
while that of ALDH11A3 increased. Compared to the increased serine phosphorylation
level change pattern after ABA treatment in wild type, the result suggested that SnRK2.3
may be involved in the serine phosphorylation regulation of GGAT1 but not
ALDH11A3.

42

Figure 6

Comparative analysis of 10 differentially serine phosphorylated protein
spots between control and ABA treatment.

(A). Protein spots showed significant decreased serine phosphorylation signal after ABA
treatment in wild type (B). Protein spots showed significant increased serine
phosphorylation signal after ABA treatment in wild type (C). Protein spots showed no
significant changed serine phosphorylation signal after ABA treatment in wild type
In Fig. 6C, the serine phosphorylation of ATPC1, GAPC1, GAPC2 and GAPA1
were not significantly affected by ABA in wild type. However, the serine
phosphorylation signal decreased after ABA treatment in snrk2.2, which indicated that
SnRK2.2 is involved in the regulation of serine phosphorylation of these 4 proteins. In
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snrk2.3, after ABA treatment, the serine phosphorylation signal did not change for
GAPC1 and GAPA1, significantly decreased for ATPC1 and increased for GAPA1,
respectively. This result indicated that SnRK2.3 may have effects on the serine
phosphorylation of ATPC1 and GAPA1.
Comparative analysis of threonine phosphorylation of the identified 10 proteins
The comparative analysis of threonine phosphorylation of the identified 10
proteins is similar as that of serine phosphorylation. However, among the 10 identified
proteins, only 8 protein spots (ATPB, FBA1, GGAT1, ATPC1, GAPC1, GAPC2,
GAPA1 and STM) showed significant different threonine phosphorylation change pattern
between wild type and mutants after ABA treatment (Fig. 7).
In Fig. 7A, the threonine phosphorylation of the four proteins (ATPB, FBA1,
GAT1 and STM) were significantly down regulated after ABA treatment in wild type. In
snrk2.2, the threonine phosphorylation of these 4 proteins also decreased after ABA
treatment, which suggested that SnRK2.2 may not be involved in the regulation of the
threonine phosphorylation for ATPB, FBA1, GAT1 and STM. However, in snrk2.3, no
significant threonine phosphorylation signals were detected in both control and ABA
treatment. Thus, it is hard to determine the function of SnRK2.3 on the threonine
phosphorylation of ATPB, FBA1, GAT1 and STM.
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Figure 7

Comparative analysis of 8 differentially threonine phosphorylated protein
spots between control and ABA treatment.

(A). Protein spots showed significant decreased threonine phosphorylation signal after
ABA treatment in wild type (B). Protein spots showed no significant changed threonine
phosphorylation signal after ABA treatment in wild type
In Fig. 7B, the threonine phosphorylation of ATPC1, GAPC1, GAPC2 and
GAPA1 were not significantly affected by ABA in wild type. In snrk2.2, the threonine
phosphorylation of these 4 proteins significantly decreased after ABA treatment, which
suggested that SnRK2.2 may be involved in the regulation of the threonine
phosphorylation for ATPC1, GAPC1, GAPC2 and GAPA1. In snrk2.3, decreased
threonine phosphorylation by ABA treatment was detected for ATPC1 and GAPC2,
while no significant changes caused by ABA was observed for GAPC1 and GAPA1,
which indicated that SnRK2.3 may be involved in the regulation of the threonine
phosphorylation for ATPC1 and GAPC2.
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Functional classification and interaction network of identified phosphoproteins
All the functional information of the 10 identified phosphoproteins was collected
from http://www.uniprot.org. Based on their biological function, these 10 identified
proteins can be classified into five categories (Fig. 8). Among the 10 phosphoproteins, 6
proteins (FBA1, CTIMC, GAPC1, GAPC2, GAPA1 and STM) were involved in
carbohydrate metabolism; 5 proteins (CTIMC, GAPC1, GAPC2, GAPA1 and STM) were
related to signal transduction; 2 proteins (ATPB and ATPC1) were participated in the
energy metabolism; 1 protein (GGAT1) was associated with amino acid metabolism and
1 protein (ALDH11A3) joined other functional process. The five proteins (FBA1,
CTIMC, GAPC1, GAPC2 and GAPA1) out of the 10 identified proteins were involved in
glycolysis, which indicated the close relation between ABA signaling and plant primary
metabolism.
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Figure 8

Functional distribution of the 10 phosphoproteins identified by LC-MS/MS

We analyzed the gene interactions among the 10 identified proteins by using
GeneMANIA (http://genemania.org/), which is based on molecular function Gene
Ontology (GO) annotations. There were 346 total links among the identified 10 genes
combined with 20 related genes (not shown). As shown in Fig. 9, there are 44 total links
among the 10 identified proteins. Since no research was reported to show the interaction
between the two kinases (SnRK 2.2 and SnRK2.3) and the identified 10 proteins before,
only one links can be connected SnRK 2.2 to CTIMC (co-expression). Our data indicated
the direct links between SnRK 2.2 and CTIMC, GGAT1, GAPC1, GAPA1 and
ALDH11A3, which can be added into the interaction networks.
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Figure 9

Interaction network for the 10 identified genes combine with 20 related
genes by GeneMANIA.

Crosslink between ABA and other stress response in plants
Plants are usually challenged by many different environmental stresses such as
salt, drought, light and cold. Osmotic stress caused by salt and drought is one of the most
severe stress in the earth, to which plants need to respond through several physiological
and metabolic changes. Several mechanisms are developed by plants to defense the
osmotic stress, including SOS regulatory pathway, protein kinase pathway and ABAdependent pathway (91). ATPB in Suaeda salsa (92), FBA1 in rice (93), GAPC1 in
Arabidopsis and CTIMC in Arabidopsis (94) were reported to participate in the salt stress
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response, in which FBA1 and GAPC1 were related to ABA-dependent pathway (88, 93).
The study on the differential expressed genes responding to drought stress in pitaya
showed that GGAT1 and STM were related to drought stress tolerance (95). However, it
is unknown whether GGAT1 and STM are regulated by ABA-dependent or ABA –
independent pathway in drought tolerance. Our data showed that all the identified
phosphoproteins were involved in ABA signaling pathway. Thus, ATPB, FBA1, GAPC1,
CTIMC, GGAT1 and STM could be the links between ABA-dependent and ABA –
independent pathway in response to osmotic stress in plants.
Besides, there were also other evidences showing that participation of our
identified protein in response to environmental stress, such as ATPB to aluminum
tolerance in Tibetan (96), GAPC1 to heat in Arabidopsis (97), GAPA1 to cold in
Arabidopsis (98), GAPA1 to light in Arabidopsis (99), STM to cold in Arabidopsis (98)
and STM to light (100), respectively. In general, the 10 identified phosphoproteins would
be the crosslink between ABA and other stress response.
Conclusion
In conclusion, based on our 2-DE analysis and results, all the 10 identified
proteins were regulated by SnRK 2.2 and SnRK2.3 directly or indirectly in ABA
signaling pathway. Furthermore, the changed pattern of Ser/Thr phosphorylation of
proteins among wild types and mutants after ABA treatment indicated that: SnRK2.2
may be involved in the regulation of the serine/threonine phosphorylation for ATPC1,
GAPC1, GAPC2 and GAPA1, while SnRK2.3 may be involved in the regulation of the
serine phosphorylation for STM, GGAT1, ATPC1 and GAPA1 and the threonine
phosphorylation for ATPC1 and GAPC2, respectively. Further study should be on the
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confirmation of the potential direct interactions between SnRK 2.2 and
GGAT1/ALDH11A3 in ABA signaling pathway. The diverse biological function of the
10 identified proteins showed the significance of ABA signaling transduction on the plant
metabolism. The investigation on the crosslink between ABA and other stress response
from the identified proteins increased the understanding the importance of ABA as an
endogenous plant hormone.
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CHAPTER V
PROTEOMICS ANALYSIS OF ABA-RESPONSIVE LYSINE ACETYLATED
PROTEINS IN ARABIDOPSIS

Abstract
The phytohormone ABA plays an important role in plants. Although
phosphorylation/dephosphorylation is the most important posttranslational modification
in ABA signal transduction, lysine acetylation (LysAc) also emerges as one of the
important posttranslational modifications for protein regulation in plants. Eleven ABAresponsive lysine acetylated proteins were isentified in Arabidopsis using 2-DE
proteomics approach and LC-MS/MS analysis. These 11 proteins function in plant
metabolism and stress responses. Rubisco, one of the identified 11 lysine acetylated
proteins, is a predominant protein in photosynthesis. Lysine 32 on Rubisco was found to
be acetylated and the LysAc of Rubisco increased after ABA treatment. Enzyme activity
assay showed that the Rubisco activity decreased after ABA treatment. This result
indicates that acetylation of Rubisco Lys-32 caused by ABA results in the inhibition of
Rubisco activity.
Introduction
The endogenous phytohormone ABA plays an important role in plants, which is
accumulated in response to biotic or abiotic environmental stresses such as pathogens,
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drought and salt stress (101-103). Besides its most understood function in stomatal
closure control (20, 104), ABA also regulate seed development and dormancy, gene
expression and plant growth and development (19, 63). Protein kinases and phosphatases
have been identified as key components in ABA signaling pathway in plants (26, 27, 80,
81), which demonstrate that phosphorylation/dephosphorylation is the most important
posttranslational modification in ABA signal transduction. However, it cannot be ignored
that other posttranslational modification would also regulate the proteins involved in
ABA signaling pathway.
Lysine acetylation (LysAc) is one of the important posttranslational modifications
for protein regulation, which is an evolutionary conserved modification occurring in
proteins from prokaryotes to eukaryotes (51, 105-107). For LysAc, the acetyl group is
transferred to the ɛ-amino group of proteins lysine residues and the reaction is dynamic
and reversible. LysAc was first found in histone modification, and LysAc is best known
for its function in gene expression and DNA-dependent nuclear processes (54). Recent
studies showed the importance of LysAc in regulation of key metabolic enzymes (55,
56). It has been reported that LysAc is a widespread modification for diverse nonhistone
proteins and it may widely affect the pathways and processes in Arabidopsis (57).
Although the pivotal components in ABA signal mechanism in plants have been
identified, such as the receptors, kinases, phosphatases and transcription factors, the
details for whole mechanism of ABA signal transduction is still unclear (1, 23, 108, 109).
We used the 2-DE proteomics approach to identity ABA-responsive lysine acetylated
proteins in Arabidopsis seedlings or leaves. Then the lysine acetylated proteins were
identified by LC-MS/MS analysis. The objectives of this study were to determine: 1). the
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lysine acetylated proteins involved in ABA signal transduction; 2.) the influence of ABA
signal in Arabidopsis due to the altered LysAc of proteins.
Materials an Methods
Plant material and treatments
Arabidopsis (Arabidopsis thaliana) ecotype Columbia (Col-0) was used in the
study and the seeds were germinated on agar Murashige–Skoog (MS) plates (containing
4.3 g/l MES and 2 % sucrose). The plates of seedlings or the plants in the soil were
grown in growth chamber with a 16 h photoperiod at 22 °C. The three-week seedlings
and eight-week leaves were treated by water or 50 µM ABA solution for 3h. The
seedlings and the leaves were collected and frozen in liquid nitrogen and stored at -80 °C.
Protein Extraction
Total Proteins were isolated followed by TCA–acetone–phenol protocol (76).
Frozen seedlings or leaves were grinded into fine powder in liquid nitrogen and dissolved
in 10% TCA/acetone. After centrifugation at 16,000 ×g for 5 min at 4 °C, the protein
pellet was washed by 80% methanol (containing 0.1M ammonium acetate) and 80%
acetone. The air dried pellets were redissolved in 1:1 phenol (PH 8.0)/SDS buffer. The
total proteins from seedlings or leaves were precipitated in methanol containing 0.1M
ammonium acetate at -20 °C from 3 h to overnight. Protein extracts were washed by
methanol and 80% acetone in sequence. After air dried briefly, the protein extracts were
stored at -20 °C.
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2-D Electrophoresis
Total protein pellets were dissolved in IEF rehydration buffer (9 M urea, 4% w/v
CHAPS, 20 mM DTT, 0.5 % w/v Bio-Rad carrier ampholytes pH 5–8). 200 µg protein
samples were loaded to 11 cm IPG strips (PH 5-8, Bio-Rad) and rehydrated at 50 V for
12 h at 20 °C. The IEF running condition was 200 V 1 h, 500 V 1 h, 1000V 1 h, 8000 V 4
h (limited to 50 mA/ strip). After incubated in equilibration buffer (375 mM Tris–HCl pH
8.8, 6 M urea, 20% w/v glycerol, 2% w/v SDS) with 2% w/v DTT and equilibration
buffer with 2.5% w/v iodoacetamide each for 15 min, the strips were then loaded onto the
top of 12% polyacrylamide-SDS gels. The second dimension electrophoresis was ran at a
constant current of 25 mA. The proteins in 2-DE gels from different samples can be
detected by silver staining and Western blot.
Western Blotting
2-DE gels were semidry transferred to a PVDF membrane (Millipore). Blots were
blocked by 2% BSA in TBS-T for 1 h and immunoblotted with anti-lysine acetylation
antibodies (1:1000 dilution; Cell signaling) overnight at 4 °C. Membranes were then
incubated with secondary goat anti rabbit IgG antibody (1:10000 dilution; PerkinElmer)
for 1 h. Finally, the protein spots were detected on an X-ray film by using ECL substrate
(Thermo scientific).
In-gel Digestion
Protein spots were excised from the silver stained 2-DE gels. After dehydrated in
100 % acetonitrile twice and vacuum dried, the gel pieces were then incubated with 2.5
ng/µl trypsin in 50 mM ammonium bicarbonate at 37 °C overnight. The peptides were
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extracted by extraction solution (50% acetonitrile containing 0.1% trifluoroacetic acid)
twice and the supernatants were collected. The extracts were concentrated and the
peptides were stored at – 20 °C.
LC-MS/MS Analysis
The dried peptides were reconstituted with 2.5% CH3CN/2.5% formic acid (FA)
and analyzed by capillary LC-MS/MS on an linear ion trap (LTQ)-Orbitrap Discovery
mass spectrometer coupled to a Surveyor MS Pump Plus (Thermo Fisher Scientific, MA).
Half of the digest was loaded directly onto a 100 μm x 120 mm capillary column packed
with MAGIC C18 (5 μm particle size, 20 nm pore size, Michrom Bioresources, CA) at a
flow rate of 500 nL/min, and peptides were separated by a gradient of 2.5-10% in CH3CN
/0.1% FA in 5 min, 10-35% CH3CN /0.1% FA over 45 min, 35-100% CH3CN/0.1% FA
in 1 min, and 100% CH3CN in sequence for 10 min. Peptides were introduced into the
linear ion trap via a nanospray ionization source. The LTQ-Orbitrap was operated in
standard data-dependent “top-10” acquisition mode with lock mass function activated
protonated polydimethylcyclosiloxane [(Si (CH3)2O) 6; m/z 445.120025]. A survey scan
from m/z 300–1600 at 30,000 resolution in the Orbitrap was paralleled by 10 MS/MS
scans of the most abundant ions in the LTQ. Dynamic exclusion was enabled (repeat
count: 2; repeat duration: 30 sec; exclusion list size: 180; exclusion duration: 60 sec). The
minimum signal threshold was 500. Singly charged ions were excluded for MS/MS.
Product ion spectra were searched against the International Protein Index
Arabidopsis thaliana database (ipi.ARATH.v3.85) containing sequences in forward and
reverse orientations using the SEQUEST and MASCOT search engines embedded in the
Proteome Discoverer 1.4 (Thermo Fisher Scientific, MA). The database was indexed
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with the following: fully enzymatic activity and three missed cleavage sites allowed for
trypsin; peptides MW of 350-5000 Da. Search parameters were as follows: mass
tolerance of 20 ppm and 0.8 Da for precursor and fragment ions, respectively; four
differential PTMs allowed per peptide; dynamic modification on methionines (+15.9949
Da for oxidized methionines) and lysines (+42.0106 Da for acetylated lysines), as well as
static modification on cysteines (+57.0215 Da for carbamidomethylated cysteines). The
MS/MS spectra of acetylated peptides were manual evaluated using Scaffold Q+ 4.0.5
(Proteome Software, OR).
Rubisco enzyme activity assay
Arabidopsis seedlings or leaves with or without ABA treatment were ground into
powder by a mortar in liquid nitrogen, and then were extracted by the extraction buffer
(100 mM Bicine-NaOH (pH 7.8), 10 mM MgCl2, 2% PVPP (w/v) and 10mM DTT). The
extracts were mixed with the assay buffer with the coupling enzyme (100 mM Bicine (pH
8.2), 20 mM MgCl2, 10 mM NaHCO3, 10 mM KCl, 1 mM ribulose-1, 5-bisphosphate
(RuBP), 0.2 mM NADH, 5 mM ATP, 5 mM creatine phosphate, 60 units/ml
phosphocreatine kinase, 20 units/ml phosphoglycerate kinase, 15 units/ml glyceraldehyde
3-phosphate dehydrogenase) for the activity assay, and the assay buffer with the coupling
enzyme was the blank for the assay. Two molecules of NADH were oxidized for every
one molecule CO2 was fixed by Rubisco. Absorbance at 340nm (A340) was recorded for
the rate of NADH oxidation.
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Results and Discussion
Detection of LysAc Proteins by Western Blot

Figure 10

Identification of LysAc proteins by immunoblotting

For the reliability, before we compared the lysine acetylated target protein spots
after ABA treatment to the control, we confirmed the similar expression pattern of each
spot between control and ABA treatment by silver staining. And for the reproducibility,
the representative blots were selected from triplicate experiments, as shown in Fig. 10,
about 60 ±10 protein spots can be detected in each Western bolt for Arabidopsis total
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proteins. For the Arabidopsis seedlings, 6 protein spots (S6, S7, S9, S10, S12 and S14)
were observed with significant different LysAc signal after ABA treatment; while for the
leaves, 5 protein spots (L2, L3, L13, L15 and L16) were detected to have significant
differences in LysAc between control and ABA treatment.
Table 2

Lysine acetylated proteins identified by LC-MS/MS analysis.

Spot ID Protein Name

Organism

Gene accession
number

Swiss-Prot
accession no.

Score

Number of
matched peptides

Theoretical Mr
(kDa)/pI

L2

Mediator-associated protein 1

A. thaliana

AT4G25210

Q9SB42

90.23

9

40.27/6.09

L3

Malate dehydrogenase, cytoplasmic 1

A. thaliana

AT1G04410

P93819

110.30

11

35.57/6.11

L13

Chloroplast stem-loop binding protein of 41 kDa a,
chloroplastic (CSP41A)

A. thaliana

AT3G63140

Q9LYA9

60.16

6

36.30/6.04

L15

Ribulose bisphosphate carboxylase large chain
(RbcL)

A. thaliana

ATCG00490

O03042

510.39
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52.74/5.88

L16

ATP synthase subunit beta, chloroplastic (ATPB)

A. thaliana

ATCG00480

P19366

80.22

8

53.93/5.38

S6

Peptidyl-prolyl cis-trans isomerase CYP20-3,
chloroplastic (CYP20-3)

A. thaliana

AT3G62030

P34791

190.39

19

19.91/5.47

S7

Glutathione S-transferase TAU20 (GSTU20)

A. thaliana

AT1G78370

Q8L7C9

60.27

6

24.88/5.64

S9

fructose-bisphosphate aldolase, putative (FBA2)

A. thaliana

AT4G38970

Q944G9

170.28

17

38.00/5.36

S10

Quinone oxidoreductase-like protein At1g23740,
chloroplastic

A. thaliana

AT1G23740

Q9ZUC1

140.25

14

36.13/5.37

S12

Glyceraldehyde-3-phosphate dehydrogenase
GAPA1, chloroplastic (GAPA1)

A. thaliana

AT3G26650

P25856

70.17

7

36.28/6.67

S14

Glyceraldehyde-3-phosphate dehydrogenase
GAPC2, cytosolic (GAPC2)

A. thaliana

AT1G13440

Q9FX54

60.19

6

36.91/6.67

Identification of LysAc Proteins by LC-MS/MS Analysis
The 11 differentially lysine acetylated proteins from seedlings or leaves were
identified by LC-MS/MS analysis, as shown in Table 2. The basic information of each
protein can be obtained from the websites: http://www.arabidopsis.org/index.jsp and
http://www.uniprot.org/uniprot/. Among the 11 identified lysine-acetylated proteins,
eight of them are localized in chloroplasts, three proteins (malate dehydrogenase (L3),
glutathione S-transferase (S7) and glyceraldehyde-3-phosphate dehydrogenase (S14)) are
in the cytoplasm, and one (Mediator-associated protein 1 (L2)) is in the nucleus. The
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different localizations of identified LysAc proteins implied that LysAc is diverse in the
substrate’s cellular locations in Arabidopsis.
Functional Classification and Interaction Network of Identified Proteins
Among the 11 identified proteins, 4 proteins (RbcL, ATPB, CYP20-3 and
GSTU20) showed an increased modification level in LysAc after ABA treatment while
the other 7 proteins showed a reduced modification in LysAc. It still needs further study
to determine the influence of LysAc on the function or the activity of the proteins or
enzymes. Based on their biological function, these 11 identified LysAc proteins can be
classified into six categories. As shown in Fig. 11, five proteins (Malate dehydrogenase,
RbcL, FBA2, GAPA1 and GAPC2) were participated in carbohydrate metabolism; 6
proteins (Malate dehydrogenase, GSTU20, FBA2, Quinone oxidoreductase-like protein
At1g23740, GAPA1 and GAPC2) were involved in stress responses; 2 proteins
(Mediator-associated protein 1 and CSP41A) functioned in nucleotide metabolism; 1
protein (CYP20-3) was associated with protein metabolism; 1 protein (ATPB) was
involved in ion transport and 1 protein (GSTU20) was related to plant growth and
development. It was interesting that several central metabolic enzymes were identified
from the 11 protein spot, such as the tricarboxylic acid cycle enzyme malate
dehydrogenase, Calvin cycle enzyme Ribulose bisphosphate carboxylase (Rubisco) and
the glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase. This result indicated
that LysAc is also diverse in the function of biological processes and related to the
regulation of central metabolism in Arabidopsis.
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Figure 11

Functional distribution of the 11 proteins identified by LC-MS/MS

Based on molecular function Gene Ontology (GO) annotations, GeneMANIA
software (http://genemania.org/) was used to analyze the gene interactions among the 11
identified LysAc proteins. As shown in Fig. 12, there are 268 total links among the 11
identified lysine acetylated protein genes with related 20 genes.
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Figure 12

Interaction network for the 11 identified lysine-acetylated protein genes
combine with 20 related genes by GeneMANIA

LysAc of Rubisco in Relation to ABA Response
Rubisco is most abundant protein on earth (110), and it is the key enzyme
responsible for photosynthetic carbon assimilation. On the blots probed with the antiLysAc antibodies, Rubisco (L15) showed the strongest LysAc signal and the aceylation
level increased in response to ABA treatment (Figure 10). It promoted us to investigate
the effect of LysAc changes on the enzyme activity of Rubisco.
We did the Rubisco enzymic activity assay followed by the procedure described
by Lilley and Walker (111) with minor modification by Pérez et al. (112). Arabidopsis
leaves with or without ABA treatment were analyzed for the Rubisco enzymic activity
assay. As shown in Fig. 13, the activity of Rubisco decreased by 20% - 30% for ABA
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treatment in Arabidopsis. This finding was consist with the report that the Rubisco
activity decreased by ABA treatment in soybean and tobacoo (113).
Lys-175 is the catalytically active Lys residue of Rubisco (114), and it may
interfere with Rubisco activity (115). Furthermore, the acetylation of Lys-146, Lys-252
and Lys-356 would cause the less stability of the Rubisco, which would result in the
inhibition of Rubisco activity (106). However, in our LC-MS/MS analysis, we only
detected the acetylation of Lys-32. It has been reported that Lys-32 interacts with the side
chains of Asp-35 and Tyr-29 in the Rubisco crystal structure in tobacco (116). Although
it is still unknown that how the acetylation of Lys-32 have an impact on Rubisco enzyme
activity, it is possible that acetylation of Lys-32 stimulated by ABA treatment changes
Rubisco’s conformation, which leads to the reduced Rubisco activity.
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Figure 13

Effect of ABA on the Rubisco activity (percentage value to the control) in
Arabidopsis

(one tailed paired t-test; P-value = 0.043)
Conclusion
Lys acetylation is very a widespread posttranslational modification in Arabidopsis
and it plays an important role in regulatory mechanism for protein or enzyme function in
vivo (106). We identified 11 proteins that exhibited significant changes in LysAc after
ABA treatment in Arabidopsis. These 11 proteins are involved in various cellular
processes of the cell activity and they have a complicated interaction network. All of
these data suggested that these 11 identified proteins may serve as regulatory components
involved in ABA signaling network in Arabidopsis. Acetylation on Lys-32 of Rubisco
was detected by mass spec analysis. The activity of Rubisco was significantly decreased
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by ABA treatment. This result indicated that ABA may cause the acetylation of Rubisco
Lys-32, which then results in the inhibition of Rubisco activity.
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CHAPTER VI
PROTEOMICS ANALYSIS OF THE NUCLEAR PHOSPHOPROTEINS INVOLVED
IN ABA SIGNALING NETWORK IN MOUSE CELLS

Abstract
Abscisic acid (ABA) is known as a very important endogenous hormone in plants,
but it also exists and functions in animals. The whole ABA signaling pathway in the
animal cells is complicated and still not well demonstrated. The medical application of
ABA has become a new area of investigation. PPAR γ is a nuclear receptor and can be
activated by ABA in mouse 3T3-L1 pre-adipocytes. Since phosphorylation is the most
important reaction in ABA signaling pathway, we analyzed the nuclear phosphoproteins
involved in ABA signaling pathway in mouse by 2- DE proteomics approach. We
identified 10 phosphoproteins with significant changes in serine/threonine
phosphorylation in response to ABA by LC-MS/MS analysis. The 7 nuclear proteins out
of 10 function in many biological processes, which indicated that ABA may directly or
indirectly regulate these biological processes in animal cells. Besides, the significance of
the function of SFRS1, ANXA1 and Galectin-3 on human diseases indicated that ABA
could be a potential treatment for some human diseases, such as cancer.

65

Introduction
Abscisic acid (ABA) was identified as a plant hormonein the early 1960’s. It has
since been shown to regulates many aspects of plant growth and development, including
stomatal aperture (117) and seed dormancy/germination (19). ABA serves a key role in
how plant respond to both abiotic stress (drought, salinity, temperature) as well as biotic
stress (pathogens) (15, 16). The ABA signaling pathway has been shown to be present in
liverworts (the oldest extant lineage of land plants), as well as highly evolved plants and
more recently in animals. ABA was first observed in the brain tissue of pigs and rats in
1985 (14). ABA has ultimately been shown to exists and functions in lower animals
(sponges, hydroids and human parasites) (33, 35, 118) as well as higher mammalians
(human granulocytes, human monocytes, human and murine pancreatic cells) (32, 34,
119).
The ABA signaling cascade utilizes second messengers such as NO, Ca+2, and
cyclic ADP-ribose – messengers conserved in both plants and animals. The whole ABA
signaling pathway in the animal cells is still not well demonstrated till now. However,
based on the results from different types of cells, ABA signaling pathways in both of
lower and higher animals share similar trigging cascades. There are four important
intermediates involved in the ABA signaling pathway: Protein kinase A (PKA), ADPribosyl cyclase (ADPRC), cyclic ADP-ribose (cADPR) and intracellular calcium
concentration ([Ca2+]i)(120). The sequential signaling pathway is as follows: a certain
signal (abiotic or biotic stress) stimulates the increase of intracellular ABA, which
activates PKA; ADPRC is then activated by the phosphorylation of PKA; activated
ADPRC in turn induce an increase in the concentration of intracellular cADPR
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([cADPR]i) ; increased [cADPR]i subsequently causes the increase of [Ca2+]i. From this
signal transduction mechanism, it can be concluded that the reaction of phosphorylation
is an essential part in ABA signaling pathway in both animal and plant cells.
Along with the extensive focus on the mechanism of ABA signaling pathway in
animal cells, the medical application of ABA has become a new area of investigation.
Peroxisome proliferator-activated receptor γ (PPAR γ) is a nuclear receptor and
transcription factor, which is related to the treatment of obesity-related inflammation
(121) and type II diabetes (122). It has been reported that ABA can activate PPAR γ in
mouse 3T3-L1 pre-adipocytes (37). Since phosphorylation and dephosphorylation is
fundamental reaction of ABA signaling pathway in both plants and animals, we would
expect that many phosphoproteins may be involved in the ABA- induced PPAR γ
regulatory mechanism of mammalian cells. It promoted us to identify the potential
phosphoproteins involved in the ABA signaling pathway in the nuclear of 3T3-L1 cells.
Methods
Cell Culture
3T3-L1 (ATCC® CL-173™) pre-adipocytes were incubated in DMEM culture
medium (containing 10% calf serum and 100 U/mL penicillin-streptomycin) at 37 °C.
The medium was changed every two days. Cells were harvested after two weeks’ growth.
Just prior to harvesting by centrifugation (4000rpm for 5 mins, 4°C), the cells were
treated with or without 25 µM ABA for 30 mins.
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Nuclear Protein Extraction
The harvested cells were washed by 1× PBS buffer (137 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4 and 2 mM KH2PO4) for 3 times and centrifuged at 4000rpm for 5 mins
(4°C). The cell pellets were washed again by 5 packed cell volume of buffer A (10 mM
HEPES- pH7.9, 1.5 mM MgCl2, 10 mM KCl and freshly added 0.5mM DTT) and
centrifuged at 4000rpm for 5 mins (4°C). The pellets were resuspended in 2 packed cell
volume of buffer A. Resupended cells were broken by tight pestle on ice and centrifuged
at 13000rpm for 25 mins (4°C). The nuclear pellets were well homogenized by PEB
buffer (0.5 M Tris-HCl-PH 8.7, 0.9 M Surcose, 0.1 M KCL, 0.05 M EDTA and freshly
added 2% β-mercaptoethanol). The nuclear proteins were then mixed well with same
volume of phenol and incubate on ice for 30 mins. After the centrifugation at 7000 rpm
for 15 mins (4°C), the upper phenol phase was collected and mixed with 5 volume of PS
buffer (0.1 M Ammonium Acetate and 1% freshly added β-mercaptoethanol in
methanol). The precipitation solution was incubated at - 20°C for 4 hours to overnight.
The nuclear proteins were collected by centrifugation at 13,000 rpm for 20 mins and
washed by 100% methanol and 80% acetone each once. The extracted nuclear protein
pellets can be store at – 80 °C for further use.
Two-Dimensional Electrophoresis (2-DE)
Nuclear protein pellets were dissolved in IEF buffer (9 M urea, 4% (w/v) CHAPS,
20 mM DTT, 0.5 % w/v Bio-Rad carrier ampholytes pH 3-10). Nuclear protein samples
(200 µg for western blotting and 400 µg for gel staining) were separated by isoelectric
focusing (IEF) using IPG strips (11 cm, pH 3-10, NL). The steps for IEF were as
following: 50 V for 12 h rehydration at 20 °C, 200 V 1 h, 500 V 1 h, 1000V 1 h, 8000 V
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4 h (50 mA/ strip). The IPG strips were first equilibrated in equilibration buffer with 2%
(w/v) DTT for 15 min, and then in equilibration buffer with 2.5% (w/v) Iodoacetamide
for another 15 min. The equilibrated strips were then loaded onto the top of 12%
polyacrylamide-SDS gels for the second dimension separation.
Gel Staining
The 2-D gels were first stained by by Invitrogen’s Pro-Q Diamond
phosphoprotein stain in accordance with the manufacturer’s instruction (123). Briefly, the
2-D gels were first fixed in fix solution (50% methanol, 10% acetic acid) for at least 1
hour, followed by 3 times wash by ddH2O. The fixed 2-D gels were incubated in Pro-Q
Diamond phosphoprotein gel staining solution for 2 to 3 hours. Gels were destained by
destaining solution (20% acetonitrile, 50 mM sodium acetate, pH 4). Stained gels were
scanned with model 4000 VersaDoc Imaging System (Bio-Rad). The 2-D gels were then
stained for total protein presence via silver staining.
In-Gel Digestion and LC-MS/MS Analysis
Target protein spots were excised from silver-stained gels, followed by the
protocol of Shevchenko et al.(124) with minor modifications. The gel pieces were
destained in 25mM ammonium bicarbonate/ 50% acetonitrile for 2 hours, and then were
dehydrated in 100 % acetonitrile twice for 10 min. After vacuum drying, gel pieces were
incubated in 2.5 ng/µl trypsin digestion solution containing 50 mM ammonium
bicarbonate at 37 °C overnight. The peptides were collected by using the extraction
buffer (0.1% trifluoroacetic acid in 50% acetonitrile). After resolved in 20ul of resuspend
buffer (5% formic acid in 5% aqueous acetonitrile), each sample was loaded onto a
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HPLC column and separated by a nanoflow HPLC system (Eksigent). The eluting
peptides were finally analyzed by LTQ mass spectrometer.
Western Blotting
Proteins on 2-D gels were semidry transferred to a PVDF membrane (Millipore).
After blocked in 2% BSA in TBS-T for 1 h, the blots were immunoblotted with antiphosphoserine (1:3000 dilution; Invitrogen) or anti-phosphothreonine (1:3000 dilution;
Invitrogen) antibodies for 2 h. Antibody binding was detected with ECL substrate
(Thermo scientific).
Results
To normalize the effect of variations in experiments, three batches of cells with or
without ABA treatment derived from independent extractions were collected. The protein
spots with high resolution and reproducibility were identified by 2-DE analysis from
triplicate 2-DE gels. There are approximately 500 distinct protein spots (Figure 14A)
detected via silver staining, 100 spots responsive to anti-phosphoserine or antiphosphothreonine detection on western blots (Figure 14B and Figure 14C), and 200 spots
responsive to Pro-Q staining gels (Figure 14D). Ten protein spots demonstrated
equivalent protein levels between control and ABA treated cells but also showed
significant changes in their percent of phosphorylated protein. These 10 proteins were
identified by MS analysis, as shown in Table 3.
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Table 3

List of Phosphoprotein Identified by LC-MS/MS in mouse nuleus
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Figure 14

Two-DE gels analysis of proteins extracted from mouse 3T3-L1 nucleus.

(A) silver staining gels. (B) anti-phosphoserine western blots, C. anti-phosphothreonine
western blots, D. pro-Q staining gels.
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Identification of serine phosphorylated proteins
Six protein spots were identified as putative phosphoproteins involved in ABA
signaling pathway: Elongation factor 1-delta (EF-1-delta), Serine/arginine-rich splicing
factor 7, mitochondrial Pyruvate dehydrogenase E1 component subunit beta (PDHE1-B),
Annexin A1, mitochondrial Peroxiredoxin-5 and Galectin-3. The significant
phosphorylation changes for each spot are shown in Figure 15A. In Figure 15A, for each
protein spot, the detected signal in silver staining after ABA treatment was similar to that
in control, which indicated that the protein expression was the same between control and
ABA treatment. Thus, ignoring the possibility of unequal protein expression between
control and ABA treatment, we concluded that the phosphorylation differences observed
in western blotting were due to the different abundance in serine phosphorylation
modification. The serine phosphorylation of 5 proteins (spots1, 2, 4, 5, 7) were downreguated after ABA treatment, while mitochondrial Peroxiredoxin-5 (spot 6) were upregulated (Figure 15A).
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Figure 15

The comparison maps of the target phosphoproteins from 2-DE

(A) Comparative analysis on serine phosphorylation. (B) Comparative analysis on
threonine phosphorylation. (C) Comparative analysis on phosphorylation from pro-Q
staining.
Identification of threonine phosphorylated proteins
Two proteins (spot 8 and 10) were noted to demonstrate significant decreases in
their threonine phosphorylation level after ABA treatment. The total protein present in
these spots were consistent with respect to control values and those treated with ABA but
the degree of phosphorylation declined significantly. The proteins were identified via MS
analysis as nascent polypeptide-associated complex subunit alpha (NACA) and
heterogeneous nuclear ribonucleoprotein K (HNRPK).
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Identification of Phosphoproteins by Pro-Q Staining
Pro-Q stain can directly detect phosphate groups attached to tyrosine, serine, or
threonine residues (62). This is accomplished without the use of antibodies as typically
utilized after Western blotting. The phosphorylation pattern identified via Pro-Q staining
was different from Western blotting. According to the comparative analysis, two proteins
(spot 11, 12) in Pro-Q staining gels were identified: Protein disulfide-isomerase A3 and
Prelamin-A/C. The phosphorylation level significantly decreased after ABA treatment for
Protein disulfide-isomerase A3, while it increased for Prelamin-A/C (Figure 15C).
Pathway and Network Analysis
After identifying ten proteins with a putative role in the ABA pathway we
assigned biological functions to them utilizing UniProtKB/Swiss-Prot database. The
biological process of the ten proteins involved (125-129) were listed in Table 4. Due to
the limitation of the experiments, 3 proteins (spot 4, 6 and 11) of the 10 identified
proteins are not located in nucleus. However, according to the changes of
phosphorylation after ABA treatment in our data, these 3 proteins were also involved in
ABA signaling pathway in mouse cells. We explored the 10 identified proteins
interaction network among their genes combined with 20 related genes by GeneMANIA
software (http://www.genemania.org/). As shown in Figure 16, there were 139
connections among the 30 genes. And 7 genes (Srsf7, Gnb1, Anxa1, Lgals3, Naca,
Hnrnpk, and Pdia3) of the identified 10 ones were highly connected.
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Figure 16

Protein interaction networks among the 10 identified genes and 20 related
genes by GeneMANIA
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Table 4

Subcellular location and involved biological processes of ten identified
proteins in mouse cells

Spot
no.

Protein name

Subcellular location

Biological process

1

Elongation factor 1-delta

Nucleus

DNA binding

2

Serine/arginine-rich splicing
factor 1

Nucleus

mRNA processing and splicing

4

Pyruvate dehydrogenase E1
component subunit beta,
mitochondrial

Mitochondrion matrix

pyruvate decarboxylation

5

Annexin A1

Nucleus, Cytoplasm

calcium ion binding, calcium-dependent phospholipid
binding

6

Peroxiredoxin-5,
mitochondrial

Mitochondrion, Cytoplasm,
Peroxisome

peroxidase activity

7

Galectin-3

Cytoplasm, Nucleus

RNA splicing

8

Nascent polypeptideassociated complex subunit
alpha

Cytoplasm, Nucleus

DNA binding, transcription coactivator activity

10

Heterogeneous nuclear
ribonucleoprotein K

Cytoplasm, Nucleus

RNA binding

11

Protein disulfide-isomerase
A3

Endoplasmic reticulum

protein disulfide isomerase activity

12

Prelamin-A/C

Nucleus

structural molecule activity

Discussion
For the reproducibility and reliability, we analyzed all the putative
phosphoproteins involved in ABA signaling pathway based on three criteria: 1. each spot
should have similar expression pattern in control and ABA treatment cells (confirmed by
the silver staining gels), 2. the changes of phosphorylation should be significant
( increased ≥ 2 folds or decreased ≤ 0.5 fold), 3. the phosphorylation signal for each spot
should be consistently present in each replication. According to these three important
criteria, we concluded that the ten identified proteins (up- or down- regulated) were all
involved in ABA signaling pathway in mouse cells.
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Based on their biological function information collected from UniProt database
(http://www.uniprot.org), the seven identified nuclear proteins (EEF1D, SFRS1, ANXA1,
Galectin-3, NACA, HNRPK, Prelamin-a/c) can be classified into five main categories.
As shown in Figure 17, 2 proteins (EEF1D, NACA) and 3 proteins (SFRS1, Galectin-3
and HNRPK) were participated in protein and RNA metabolism, respectively; 3 proteins
(EEF1D, ANXA1 and Prelamin-A/C) were involved in signaling transduction; 3 proteins
(SFRS1, NACA and Prelamin-A/C) were associated with cell development and growth;
and 3 proteins (SFRS1, ANXA1 and Galectin-3) were related to human diseases. The
clinical significance drew our attention to the three nuclear proteins from the ten
identified proteins involved in ABA signaling pathway - SFRS1, ANXA1 and Galectin-3.

Figure 17

Functional distribution of the 7 nuclear proteins in mouse identified by LCMS/MS
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Serine/arginine-rich splicing factor 1 (SFRS1 or ASF/SF2) is an important
splicing factor involved in pre-mRNA splicing (130), mRNA transport and translation
(131). SFRS1 belongs to a conserved SR protein family in eukaryotes, which contains a
RS domain (rich in serine-arginine repeats) and two RRMs (RNA recognition motifs)
(132). The regulation of ASF/SF2 is depended on the phosphorylation of RS domain.
And it was reported that the RS domain of ASF/SF2 is phosphorylated by the SR specific
protein kinase, SRPK1 (133, 134). It has also been shown that the dephosphorylation of
ASF/SF2 would inhibit the splicing while the phosphorylation of it would enhance the
splicing processor (135). In our data, the phosphorylation of SFRS1 was down regulated
after ABA treatment in mouse cells, which suggested that ABA may inhibit the splicing
process of certain genes. It has been demonstrated that SFRS1 is a proto-oncogene and
ASF/SF2 can act as oncoprotein (136). Thus, ASF/SF2 was considered to be a potential
target of cancer therapy (136). This study substantiates that SFRS1 is involved in the
ABA signaling transduction pathway in mice. This leads us to hypothesize that the ABA
pathway may be targeted for human cancer treatment.
Annexin-1 (ANXA1) belongs to Annexin family of calcium and phospholipid
binding proteins (137). ANXA1 was demonstrated as a cell stress protein, in response to
heat, oxidative or chemical stress (138). Our findings revealed that ANXA1 also responds
to ABA signal and it was down regulated in ABA signaling pathway in mouse cells.
ANXA1 functions on many biological processes, such as inflammatory pathways (139),
proliferation and apoptosis (140) , all of which may have a role in cancer or other disease
states. It has been reported that ANXA1 was differentially regulated in different types of
cancer: up-regulated in pancreatic cancer and hepatocarcinoma cancer (141, 142); while
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down-regulated in breast cancer, prostate cancer and head and neck cancer (143-145).
However, these up- or down- regulations only revealed the expression pattern in each
cancer, further studies need to be conducted to determine whether the phosphorylation of
ANXA1 has a functional role in carcinogenesis. Our data only revealed that the
phosphorylation level of ANXA1 changed according to ABA treatment with respect to
naïve mouse cells. Further research should be focused on the ABA influence in ANXA1
phosphorylation in tumor cells.
Galectin-3 is a β-galactosides binding protein, which belongs to the galectin
family (146). Galectin-3 is broadly expressed in cells, thus it plays an important role in
cell growth, differentiation and apoptosis (147). Studies have revealed the important role
that Galectin-3 plays in immune response, inflammation and cancer (148-150). Galectin3 shares the conserved carbohydrate recognition domains (CRDs) like other members of
galectin family (151), and it also has a unique N-terminal domain (ND) (152). It has been
confirmed that Ser6 residue of Galectin-3 can be phosphorylated by casein kinase I and
casein kinase II (153, 154). The phosphorylation of Ser6 would reduce the sugar binding
capabilities of Galectin-3 while dephosphorylation of Ser6 would restore it (155). The
study on the mutation of Ser6 in Galectin-3 revealed the phosphorylation of Galectin-3 is
also involved in the regulation of anti-apoptotic activity (156). Our LC-MS/MS Analysis
results showed the Ser6 phoshphorylation of Galectin and its phosphorylation decreased
due to exposure to ABA. Taken together, these findings may indicated that ABA would
influence the carbohydrate binding and anti- apoptotic processes in cells.
What may ultimately prove more interesting is that these three proteins have
connections to PPAR γ, which is known to play a key role in ABA regulatory mechanism
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for immune modulation and anti-diabetic action (157). Although our data revealed that
SFRS1, ANXA1 and Galectin-3 were involved in ABA signaling pathway, we have no
direct evidence that these three proteins are regulated via PPAR γ-dependent ABA signal
transduction.
Conclusion
In conclusion, seven nuclear proteins (EEF1D, SFRS1, ANXA1, Galectin-3,
NACA, HNRPK and Prelamin-A/C) were involved in the ABA signaling pathway in
mouse cells. These seven proteins functions in many celluler processors, which indicated
that ABA may directly or indirectly have regulatory influence on these biological
processes in animal cells. The detailed mechanism of ABA signal in animal cells is still
unknown. However, the significance of the function of SFRS1, ANXA1 and Galectin-3
on human diseases, their connection as shown herein to the ABA signaling pathway
provides speculation that they may be valued therapeutic targets as potential treatment for
some diseases, such as cancer. Further investigation on the interaction between ABA and
these identified proteins will provide new insights and understanding to the ABA signal
mechanism in animal cells.
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RT-PCR technique is commonly used in molecular biology to detect RNA
expression levels. The mRNAs from T-DNA knockout mutant snrk2.2 and snrk2.3 were
isolated. The mRNAs were converted to cDNA using reverse transcriptase enzyme and
random hexamers. The synthesized cDNA were then amplified by PCR reaction with
specific primers. Actin was internal control for the gene expression. As shown in Figure
17, the expression of SnRK2.2 and SnRK2.3 was nearly null in T-DNA knockout mutant
snrk2.2 and snrk2.3, compared to wild type.

Figure 18

Characterization of T-DNA knockout mutants of SnRK22 and SnRK23.

(A) RT-PCR analysis of SnRK22 expression in snrk22 mutant and wild-type (WT)
plants. Actin serves as an internal control for the RT-PCR.
(B) RT-PCR analysis of SnRK23 expression in snrk23 mutant and wild-type (WT)
plants. Actin serves as an internal control for the RT-PCR.
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